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1.0  Abatraet 


The  teohnloal  progress  for  the  sixth  quarter  of  activity  (September  30, 
1961  through  December  31*  1961)  on  the  stu4y  of  "Voltage  Regulation  and  Power 
Stability  in  Unconventional  Electrical  Qenerator  Systems*  for  the  Bureau  of 
NstsI  Weapons  is  presented  in  this  report.  Test  results  are  presented  which 
illustrate  the  control  of  fuel  cell  output  voltage  by  varying  the  velocity 
of  mixtures  of  inert  gas  and  reactant  gas  past  the  appropriate  electrode. 
Information  is  included  showing  typical  dynamic  characteristics  of  thermo¬ 
electric  and  thermionic  power  sources.  Design  data  giving  weight,  volume, 
and  efficiency  of  series  regulating  switching  circuits  and  DC-DC  and  DC-AC 
power  transistor  voltage  converter  circuits  are  presented.  Weight  versus 
efficient  characteristics  of  various  combinations  of  source  voltage  control 
and  extental  voltage  converters  are  included.  Weight  data  on  minimum  weight 
cos^lete  sjTstems  incorporating  voltage  regulation  and  conversion  are  presented. 
A  laboratory  model  system  consisting  of  a  fuel  cell  and  a  DC-DC  voltage  con¬ 
verter-regulator  is  described.  Performance  test  results  for  this  laboratory 
model  system  are  presented. 


2.0  PURPOSE  OF  PROJECT 


In  r«csnt  years  considerable  attention  has  been  given  to  the 
development  of  unconventional  energy  conversion  techniques.  In 
generaly  the  effort  has  been  devoted  to  development  and  Improve¬ 
ment  of  the  energy  conversion  devices.  Little  attention  has  been 
given  to  the  system  considerations  of  practical  application  of 
these  generating  devices.  Usually  the  problem  of  compatibility 
of  the  dynamic  characteristics  of  the  device  with  the  load  with 
which  It  Is  to  be  used  has  been  Ignored.  The  possibility  of 
Internal  control  of  source  voltage  has  not  been  seriously  con¬ 
sidered. 

During  the  same  period  great  strides  have  been  made  In  solid-state 
device  technology.  Devices  such  as  the  silicon  controlled  rectifier 
now  make  possible  the  development  of  static  voltage  regulation  and 
conversion  circuits  %rlth  much  higher  efficiency  and  reliability  than 
previously  attainable.  To  date  very  little  effort  has  been  devoted 
to  the  development  of  such  circuits  for  use  with  unconventional 
electrical  power  sources.  Baphasls  has  been  on  applications  In 
more  conventional  fields  such  as  aircraft  electrical  systems. 

The  purpose  of  this  study  Is  to  Investigate  the  system  problems 
connected  with  the  use  of  static  external  voltage  converters  and 
regulator  and  unconventional  power  sources;  to  determine  the  most 
desirable  systems  to  use;  and  to  establish  the  performance  char¬ 
acteristics  of  these  systems.  The  overall  purpose  Is  satisfied 
by  contributions  from  three  areas  of  activity. 

(a)  Hethods  of  Internal  control  of  electrical  source  voltage 
are  being  determined  and  evaluated.  In  the  process » 
static  and  <.ynamlc  behavior  of  the  sources  Is  being 
determined. 

(b)  Optimum  external  voltage  regulator  and  converter  circuits 
for  use  with  unconventional  power  sources  are  being  de¬ 
termined  and  evaluated. 

(c)  system  performance  characteristics  are  being  determined 

a  combination  of  the  external  voltage  regulator  and 
converter  characteristics  with  the  characteristics  of  the 
power  sources.  The  resultant  system  characteristics  will 
allow  selection  of  the  optimum  ^stem  for  any  given  appli¬ 
cation. 
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3.0  PROJECT  ORQAMIZAnON  AND  PERSONNEL 


In  order  to  ensure  maximum  utilization  of  the  General  Electric 
Conqjany's  technical  resourcest  the  woric  effort  has  been  divided 
among  several  departments.  The  overall  responsibility  and 
technical  coordination  of  the  program  rests  with  the  Aircraft 
Accessory  Turbine  Department  (AATD)  in  Lynn,  Massachusetts. 

In  addition  AATD  is  directing  the  effort  in  the  area  of  internal 
voltage  control  of  power  sources.  In  conducting  the  effort  on 
internal  source  voltage  control,  AATD  is  obtaining  the  services 
of  sister  departments  such  as  the  Power  Tube  Department  in 
Schenectady,  New  York,  and  company  laboratories  such  as  the 
Research  Laboratory  and  General  Engineering  Laboratory  both 
in  Schenectady,  New  York. 

The  external  voltage  conversion  and  regulation  portion  of  the 
study  is  being  performed  primarily  at  the  General  Engineering 
Laboratory  (OEL)  in  Schenectady,  New  York,  with  the  assistance 
of  the  Electronics  Laboratory  in  Syracuse,  New  York,  and  the 
Specialty  Control  Department  (SCD)  in  Waynesboro,  Virginia. 

The  systems  portion  of  the  study  involving  the  determination 
of  the  system  characteristics  from  the  characteristics  of  the 
power  sources  and  external  voltage  regulators  and  converters 
is  being  perfonMd  at  AATD  with  the  assistanee  of  SCD  and  the 
General  Engineering  Laboratory. 

This  project  is  under  the  overall  direction  of  Mr.  C.  C.  Christianson 
Project  Engineer,  Aircraft  Accessory  Turbine  Department  at  the 
Lynn  River  Works. 

The  principal  contributors  to  the  report  are  as  follows: 

Aircraft  Accessory  Turbine  Department 

C.C.  Christianson 
J.H.  Russell 
J.H.  Shinn 
N.D.  Marvin 
J.P.  Dankese 

General  Engineerina  Laboratory 

R. L.  Maul 

w.R.  On^ 

S.  Battone 

Eleotroniea  Laboratory 
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D.R.  Psynter 


U«0  Technical  Pt'OgrcBe  -  Internal  Voltage  Control  of  Fewer  Sources 
lul  Reaume^ 


During  the  peat  reporting  period  the  effort  in  the  power  aource  area 
haa  been  devoted  to  conflating  Tarloua  portlona  of  the  atudy.  For 
example f  the  Inveatlgatlon  of  Internal  methoda  of  fuel  cell  voltage 
control  waa  finlahed  with  conpletion  of  the  inveatlgatlon  of  the 
effect  of  varloua  gaa  compoaitiona  and  velocitiea  paat  either  the 
hydrogen  or  oxygen  electrode.  Alao  the  dynamic  analyals  of  both 
thermoelectric  and  thermionic  converters  waa  ccnpleted.  In  addition^ 
the  remaining,  performance  data  of  the  switchlng-aerlea  regulating 
circuit  waa  determined'. 

Section  U.2  preeenta  the  reaulta  of  an  experimental  Inveatlgatlon 
concerned  with  the  control  of  fuel  cell  output  voltage  by  meana  of 
varying  gas  compoaitlon  (reactant  plus  inert)  and  gaa  velocity  paat 
either  the  hydrogen  or  oo^gen  electrode.  The  reaulta  of  the  atudy 
indicate  that  such  a  meana  of  voltage  control  la  feaaible;  however, 
the  reduction  In  fuel  cell  efficiency  at  partial  loads  as  well  as 
the  relatively  slow  transient  response  will  limit  the  range  of 
applicability  of  this  method  of  voltage  control. 

The  results  of  a  dynamic  analysis  of  a  typical  thermoelectric 
generator  are  presented  in  section  U.3.  The  results  indicate  that 
the  effective  DC  internal  resistance  of  a  typical  generator  is 
approximately  1.35  times  the  otanic  resistance.  The  apparent  in¬ 
crease  in  DC  resistance  is  the  result  of  Junction  temperature 
variation  with  load.  For  electrical  load  disturbances  of 
frequencies  greater  than  .01  cps,  the  output  iapedance  of  the 
generator  becoaies  equal  to  the  otmic  resistance  of  the  gerM»rator. 

Section  li.U  presents  the  results  of  a  dynasiic  analysis  of  a  typical 
vapor  thermionic  generator.  In  this  case  the  effective  DC  internal 
resistance  is  approximately  four  times  that  obtained  from  the 
volt-eqwre  curve  asswing  constant  temperature  conditions.  In 
this  case  also,  the  apparent  Increase  in  DC  resistance  is  due  to 
the  variation  in  cathode,  anode,  and  cesiw  reservoir  temperature 
with  load.  However,  for  electrical  disturbance  frequencies  greater 
than  .01  epe,  the  output  liq>edadCe  of  the  generator  approaches  ^at 
obtained  frw  the  slope  of  Uie  volt-ampere  curve  for  a  constant 
cathode,  anode,  and  cesium  reservoir  temperature. 

Section  U.5  presents  additional  weight  versus  efficiency  data  for 
technique  of  voltage  control  by  changing  the  niaber  of  sources  in 
series.  In  addition.  Information  on  volwe  and  design  limitations 
is  also  presented.  As  indicated  in  previous  reports,  this  tedinlqw 
of  source  voltage  control  appears  very  desirable,  since  it  has  low 
weight  and  high  efficiency. 
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4.2 


C«ll8 


theory  of  operation  and  steady  state  eleotrloal  oharaeterlstlcs 
of  the  General  Electric  ion-exchange  siembrane  fuel  cell  were  presented 
in  progress  reports  1  and  2.  Preliminary  dynamic  electrical 
characteristics  have  been  measured  and  were  presented  in  progress 
reports  3  and  4.  In  addition,  progress  report  4  presented  the 
results  of  an  experimental  investigation  of  the  feasibility  of  using 
a  grid  between  the  electrodes  of  an  ion-exchange  membrane  fuel  cell 
for  purposes  of  conti*olling  the  output  voltage  of  the  cell.  The 
investigation  of  control  of  fuel  cell  output  voltage  has  continued 
and  this  report  presents  the  results  of  an  esqperimental  study  of 
control  of  fuel  cell  output  voltage  by  varying  gas  con^sition  and 
gas  velocity  at  either  the  hydrogen  or  oxygen  electrode. 

4.2.1  Voltage  Control  by  Changing  the  Gas  Composition  and  Velocity  Past 
the  Electrodes 


4.2. 1.1  Introduction 


In  the  hope  of  obtaining  possible  advantages  in  low  system  weight 
and  volume,  it  was  decided  to  evaluate  "internal"  fuel  cell  output 
voltage  control  schemes.  Internal  voltage  control  schemes  could 
include  their  main  parts  in  with  each  cell  assembly  in  a  compact 
manner  so  as  to  affect  the  voltage  output  of  'Uie  cell  by  modifying 
some  cell  mechanism.  The  control  grid  Investigation  previously 
reported  is  an  example  of  the  main  control  element  being  in  the 
membrane  itself  tdiile  the  variation  of  gas  velocity  and  composi¬ 
tion  past  the  electrodes  is  an  example  of  affecting  the  mechanism 
of  the  cell  directly. 

The  objective  of  the  experimental  work  included  in  this  report  was  to 
determine  the  feasibility  of  controlling  the  G.E.  ion-exchange 
membrane  fuel  cell  output  voltage  by  varying  the  reactant  velocity 
and  composition  on  both  the  hydrogen  and  ojQrgen  electrode.  The 
concept  was  first  presented  in  progress  report  no.  1  as  indicated 
by  the  following  quotation: 

"A  second  possible  method  of  internal  voltage  control 
involves  controlling  the  percent  of  oj^gen  in  the  gas 
supplied  to  the  oxygen  electrode.  As  the  percent  of 
oxygm  is  reduced,  the  output  voltage  of  the  cell 
reduces  at  any  given  current  level.  This  is  the  result 
of  the  lower  partial  pressure  of  oxygen  at  the  electrode 
and  is  increased  if  an  inert  gas  blanket  is  formed  in  the 
vicinity  of  the  electrode.  For  exaiqple.  in  the  case  of  a 
fuel  cell  using  air  at  the  oxygm  electrode,  it  is  no 
doubt  possible  to  control  output  voltage  by  controlllixg 
the  air  flow  rate  past  the  oxygen  electrode.  The 
transient  respo'^se  of  such  a  method  would  probably  be  slow 
and  the  range  of  feasible  control  is  not  known.  However, 
it  appears  desirable  to  evaluate  the  feasibility  of  this 
mettiod  of  voltage  control  in  much  more  detail.  Such  an 
evaluation  is  planned." 
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Hiese  considerations  provided  the  basis  for  an  experimental  evaluation 
of  the  inert  gas  concept* 

A  summary  of  the  procedures  used  and  the  results  of  this  experimental 
work  are  presented  in  this  report. 

4.2. 1.2  Summary  and  Conclusions 

An  experimental  investigation  designed  to  determine  the  feasibility 
of  controlling  the  output  voltage  of  a  General  Electric  ion-exchange 
membrane  fuel  cell  by  varying  the  velocity  and  cofflp>osition  of  the 
gas  supplied  to  both  the  hydrogen  and  oxygen  electrodes  has  been 
conqjleted.  The  results  of  this  investigation  indicate  that  the 
control  of  fuel  cell  output  voltage  by  the  variation  of  gas  velocity 
and  composition  past  the  electrodes  is  feasible.  The  range  of 
voltage  control  with  air  at  the  oxygen  electrode  or  a  20^  hydrogen  - 
80%  nitrogen  or  carbon  dioxide  mixture  at  the  hydrogen  electrode 
is  from  0  volt  to  a  voltage  which  is  about  4^  below  the  dead-ended 
hydrogen-oxygen  voltage  level  for  a  given  external  load.  The 
transient  response  rate  for  the  hydrogen  electrode  is  approximately 
,28  volts/sec.  tdiile  that  for  the  oxygen  electrode  is  about  four 
times  this  value.  With  proper  design  and  increased  transient 
velocity,  the  response  rates  may  be  increased  appreciably.  Below 
a  certain  velocity,  the  decrease  in  voltage  with  decrease  in 
velocity  is  due  to  "starving"  of  the  electrode  while  above  it, 
the  decrease  in  voltage  with  decreased  gas  velocity  is  due  to 
decreased  rates  of  diffusion  of  the  reactive  gas  through  a  thin 
liquid  film  on  the  catalyst  surface* 

There  is  no  significant  difference  between  the  performance  levels 
with  various  inert  gases  (nitrogen,  carbon  dioxide,  helium,  and 
argon). 

The  control  of  fuel  cell  output  voltage  by  partial  vacuum  operation 
of  the  hydrogen  and  oxygen  sides  is  also  possible.  However,  it 
does  not  appear  desirable  due  to  the  tendency  for  the  electrodes 
to  drown  and  the  slow  response  time. 

f 

Although  the  results  of  this  investigation  show  the  feasibility  of 
control  of  output  fuel  cell  voltage  ly  variation  of  gas  velocity 
past  either  electrode,  the  approach  has  some  significant  dis¬ 
advantages,  For  example,  this  method  is  inherently  inefficient 
particularly  at  partial  loads  since  it  achieves  voltage  control  by 
increasing  the  cell  losses.  Thus,  if  efficiency  is  important,  the 
approach  would  not  be  satisfactory.  An  additional  disadvantage  is 
the  relatively  slow  transient  response  eoiq)ared  to  usual  electronic 
means.  These  factors  will  seriously  limit  the  range  of  applicability 
of  the  gas  velocity  method  of  voltage  control;  however,  use  of  the 
technique  in  special  applications  is  quite  possible* 

4. 2. 1.3  Experimental  Procedure 

The  experimental  results  were  obtained  using  a  cell  having  a  4"  x  4" 
membrane  of  the  phenolic  type.  The  test  setup  was  arranged  such  that 
various  gas  compositions  and  velocities  could  be  readily  passed 
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through  the  hydrogen  and  os^gen  electrode  fuel  cell  compartments* 

A  fixed  resistance  electrical  load  was  maintained  on  the  fuel  cell 
during  the  testing*  fuel  cell  output  voltage  and  current  were 
measured  at  each  steady-state  value  of  gas  composition  and  gas 
velocity*  The  performance  of  the  fuel  cell  was  stable  at  all  gas 
velocity  conditions*  The  test  results  are  presented  in  the  following 
paragraphs  and  curves* 

4*2*1*4  Results 


Oxygen  Electrode 

The  measured  output  voltages  and  currents  for  various  gas  compositions 
and  velocities  p>ast  the  oxygon  electrode  are  shown  by  figures  4*2-1 
through  4*2-3*  Figure  4*2-1  shows  the  behavior  with  variable  velocity 
air I  Figure  4*2-2  shows  the  effect  of  a  50^  oxygen  -  50^  nitrogen 
mixture!  Fifure  4.2-3  shows  the  behavior  with  20‘ji  oxygen  -  80%  helium 
mixture*  In  all  cases*  volt  ampere  lines  for  two  velocities  of  100^ 
oxygen  past  the  oxygen  electrode  are  included  for  reference.  The  100^ 
oxygen*  *0036  ft/sec.  condition  is  that  corresponding  to  normal 
dead-ended  operation  of  a  hydrogen-oxygen  cell*  The  higher  velocity 
(.037  ft/sec*)  lOOjC  oxygen  condition  yielded  a  higher  cell  performance 
than  true  with  dead-ended  operation*  The  reasons  and  significance 
of  this  result  will  be  discussed  later* 

• 

Although  measurements  were  made  only  at  a  single  resistive  load 
condition*  estimated  volt-ampere  curves  have  been  indicated  on  Figures 
4*2-1  through  4*2-3*  As  shown*  the  output  voltage  decreases  as  the 
gas  velocity  past  the  oxygen  electrode  decreases*  with  the  output 
voltage  approaching  zero  at  zero  gas  velocity* 

The  cell  output  voltage  for  a  constant  resistance  external  load  is 
shown  as  a  function  of  gas  velocity  for  various  gas  compositions 
in  Figures  4*2-4  through  4*2-6*  The  external  load  was  *0342  ohm-ft^, 
thus  the  corresponding  cell  current  density  can  be  obtained  by  dividing 
the  cell  voltage  by  *0342*  figure  4*2-4  shows  the  cell  voltage  versus 
gas  velocity  for  several  different  gas  compositions;  Figure  4*2-5 
shows  the  cell  voltage  versus  gas  velocity  for  several  mixtures  of 
oxygen  and  nitrogen;  and  Figure  4*2-6  illustrates  the  cell  voltage 
versus  gas  velocity  for  several  different  mixtures  of  oxygen  and 
helium* 

A  quantity  "R"  has  been  defined  as  the  ratio  of  the  actual  (A)  oxygen 
supplied  to  the  cell  at  any  given  condition  to  the  theoretical  (T) 
ojQTgen  required  by  the  fuel  cell  at  the  control  point*  The  control 
point  Is  a  fuel  cell  output  of  about  0*806  volts  and  23*5  aq>s/ft^  and 
approximately  corresponds  to  the  dead-ended  100^  oxygen  operation  for  the 


-  e  - 


fizad  raclstano*  load  usedt  A  valua  of  R  laas  than  1*0  indicates 
the  cell  was  being  starred  of  oxygen*  idiereas  a  ralue  greater  than 
1.0  indicates  excess  oxyg9n  was  arailable* 

Figure  4. 2-7  indicates  the  ratio  "R”  corresponding  to  rarious  gas 
velocities  and  cowpositlons  for  the  test  conditions  involved* 

Figure  4*2-7a  shows  the  gas  velocity  required  to  aaintaln  an  R  of  , 
1*0  for  various  percentages  of  oxygen  in  the  feed  gas  for  the  test 
points  involved*  Figure  4*2-7b  shows  the  average  pressure  and 
percent  of  oxygen  in  the  oxygen  electrode  cospartaent  for  the  test 
conditions  Involved.  The  average  was  obtained  by  averaging 
the  inlet  and  outlet  gas  conditions* 

Hydrogen  Electrode 

Tests  slailar  to  those  conducted  on  the  oxygen  side  were  perforasd 
for  the  hydrogen  side*  Mixtures  of  hydrogen  and  the  inert  gases 
of  nitrogen*  helius*  carbon  dioxide*  and  argon  were  studied*  The 
resultant  estiaated  volt-aapere  curves  for  various  gas  eo^positions 
and  velocities  are  shown  in  Figures  4*2-8  and  4*2-ll*  In  all  eases* 
volt-ampere  lines  for  tao  velocities  of  100^  hydrogen  past  the 
hydrogen  electrode  are  Ineluded  for  referenee*  The  10^  hydrogen* 

*0034  ft/see*  condition  is  that  corresponding  to  the  noraal  dead- 
ended  operation  of  a  hydrogen-ogygen  fuel  cell* 

The  cell  output  voltage  for  a  constant  resiatanoe  external  load  is 
shown  as  a  function  of  gas  velocity  for  various  gas  eonpositlons 
in  Figures  4*2-12  through  4*2-15*  ^  this  ease*  the  external  load 

corresponded  to  *0428  oh».ft^*  thus  the  cell  current  density  can  be 
obtained  by  dividing  the  cell  voltage  by  *0428* 

As  is  the  ease  of  the  oxygen  electrode*  a  quantity  "R”  has  been 
defined  as  the  ratio  of  the  actual  (A)  hydrogen  si4iplied  to  the 
cell  at  any  given  condition  to  the  theoretic^  (T)  hydrogen  required 
by  the  fuel  oell  at  the  control  point.  In  this  case*  the  control 
point  is  a  fuel  cell  output  of  *722  volts  and  16*8  asps/ft^  and 
approxlnately  corresponds  to  the  dead-ended  100)(  hydrogen-oxygen 
operation  for  the  fixed  resistance  load  used*  The  tests  involving 
the  hydrogen  electrode  were  run  at  a  slightly  different  te^>erature 
and  external  resistance  load  than  were  the  oxygen  electrode  tests* 

Figure  4*2-16  shows  the  ratio  ■qi*  corresponding  to  various  gas 
velocities  and  eoapositions  for  the  test  points  involved*  Figure 
4*2-l6a  shows  the  gas  velocity  required  to  maintain  an  R  of  1*0  for 
various  percentages  of  oxygen  in  the  feed  gas  for  the  tsst  points  used* 
Figure  4*2-l6b  shows  the  average  pressure  and  percent  of  hydrogen  in 
the  hydrogen  electrode  co^>artacnt  for  the  teat  conditions  involved*. 

Transient  Response  Tii 

The  fuel  cell  fixture  used  in  the  expcrlMats  was  not  designed 
primarily  for  obtaining  fast  transient  respraaei  however*  an  indlqatlon 
of  the  transient  response  capability  could  be  obtained.  The  transient 
response  tine  was  obtained  by  reducing  the  velocity  of  a  particular 
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feed  gas  composition  so  that  the  cell  performance  decreased  to 
about  0.40  volt  and  10  amps/ft^  from  an  Initial  value  of  .728 
volt  and  16.8  angis/ft^  for  a  constant  resistance  external  load. 

The  gas  velocity  was  then  Increased  to  the  original  value  (*06  ft/ 
see.}  and  voltage  rise  with  time  recorded.  In  the  case  of  the 
hydrogen  electrode,  the  resultant  rate  of  change  of  voltage  was 
about  0.28  volts/sec.  up  to  a  value  of  90^  of  the  final  voltage* 

Pbr  the  oxygen  electrode  the  rate  of  change  of  voltage  was 
approximately  0.07  volts/sec.  ^proxlmately  five  additional 
seconds  were  required  for  the  voltage  to  go  from  905^  to  the  final 
voltage. 

Vacuum  Operation 

The  possibility  of  control  of  the  output  voltage  by  operating 
the  cell  hydrogen  and  oxygen  pressures  at  pa;*tlal  vacuums  was 
also  Investigated.  Operation  at  two  different  load  conditions 
was  studied.  In  both  cases,  a  reduction  In  output  voltage  of  15  to 
20%  was  aecompllshed  in  changing  the  gas  pressures  from  atmospheric 
to  vacuum  of  approximately  5  inches  of  mercury.  The  amount  of 
voltage  reduction  was  a  function  of  time  spent  at  a  point  as  well 
as  the  magnitude  of  the  vacuum.  However,  a  further  Increase  in 
vacuum  beyond  5  inches  of  mercury  resulted  in  a  severe  and  rapid 
decrease  In  cell  performance  to  a  low  level.  When  the  hydrogen 
and  oxygen  pressures  were  returned  back  to  zero  vacuum,  the  cell 
voltages  and  currents  returned  back  to  those  corresponding  to  the 
original  dead-ended  condition.  There  was  a  small  overshoot  and  a 
settling  time  of  approximately  four  minutes. 

4.2*1. 5  Discussion  of  Results 


Effect  of  Gas  Velocity  Upon  Output  Voltage 

The  results  show  the  output  voltage  of  the  fuel  cell  can  be  controlled 
W  varying  the  gas  velocity  of  a  reactant-inert  gas  mixture  past 
either  electrode.  For  gas  velocities  such  that  the  value  of  "R"  is 
less  than  1*0,  the  decrease  in  cell  performance  was  mainly  by  starving 
the  electrode  of  reactant.  At  gas  velocities  where  the  value  of  "R” 

Is  greater  than  1.0,  the  change  In  cell  performance  Is  due  primarily 
to  the  change  In  rates  of  diffusion  of  reactant  to  the  catalyst 
surface  due  to  a  change  In  the  thickness  of  the  thin  liquid  film  on 
the  catalyst  surface.  Calculations  Indicate  that  the  thin  liquid 
film  on  the  catalyst  surface  is  the  primaty  reactant  diffusion 
barrier.  Increasing  the  gas  velocity  past  the  electrode  surface 
tends  to  decrease  the  thickness  of  this  liquid  film,  thus  allowing 
greater  diffusion  of  reactant  to  the  catalyst  which  results  In 
greater  cell  output.  This  Is  also  the  explanation  for  ijq)roved 
I>erfomanee  In  those  cases  where  the  undiluted  reactant  Is  passed  by 
the  electrode  at  a  finite  velocity. 

The  results  also  show  that  a  performance  nearly  equal  to  that  of  a 
dead-ended  hydrogen-oxygen  cell  could  be  obtained  even  with  mixtures 
of  reactant  and  inert  gas  providing  the  velocity  past  the  electrode 
Is  sufficiently  high. 


-  10  - 


Effect  of  Gas  Cowpoaltlon  upon  Output  Voltag* 


At  any  given  gas  velocity,  decreasing  the  percentage  of  reactant 
(hydrogen  or  oxygen)  In  the  gas  mixture  decreases  the  output 
voltage  of  the  cell.  Thus,  in  order  to  maintain  the  same  output 
performance  the  gas  velocity  past  the  electrodes  would  have  to  be 
increased.  This,  of  course,  is  as  expected  since  the  total 
quantity  of  reactant  per  \mlt  time  supplied  to  the  electrode  is 
'^e  important  item,  and  not  the  total  quantity  of  gas. 

Effect  of  Type  of  Inert  upon  Output  Voltage 

The  type  of  inert  in  the  gas  mixture  had  little  effect  upon  the 
output  of  the  cell.  This  is  to  be  expected  since  the  rate  of 
diffusion  of  the  reactant  is  primarily  dependent  upon  the  partial 
pressure  of  reactant,  the  catalyst  liquid  film  thickness,  and  the 
diffusion  coefficient  of  the  reactant  in  the  liquid  film. 

Transient  Response  Time 

The  response  rate  of  approximately  0.28  volts/sec.  for  the  hydrogen 
electrode  and  .07  volts/sec.  for  the  oxygen  electrode  is  slow,  but 
would  be  acceptable  in  some  applications  where  electrical  load 
changes  are  slow  and  voltage  response  is  not  critical.  With  proper 
electrode  gas  compartment  design  and  greater  transient  gas  velocities, 
a  faster  voltage  response  should  be  possible;  however,  the  ultimate 
response  capability  is  not  presently  known. 

Effect  of  Vacuum  Operation  Upon  Cutout  Voltage 

As  indicated  in  the  results,  experimental  control  of  the  output 
voltage  by  means  of  vacuum  operation  was  not  very  satisfactory. 
Response  rates  were  slow  and  beyond  vacuums  of  approximately  5*  Hg 
output  deteriorated  to  a  low  value.  A  reasonable  explanation  for  the 
cell  behavior  is  that  the  electrodes  progressively  drowned  in  the 
vacuum  range.  The  action  of  the  vacuum  was  to  draw  membrane  water 
up  the  capillaries  of  the  catalyst  so  that  a  progressively 
thicker  layer  of  water  formed  on  the  surface  of  the  catalyst.  When 
the  pressure  was  returned  to  atmospheric  the  water  was  forced  back 
into  the  capillaries  and  returned  the  membrane  to  the  original 
equilibrium  conditions  as  is  indie  a ted  by  the  return  to  the  original 
performance  levels. 
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a«B*  Ion  Exchange  Mnbrane  Fuel  Cell 
Effect  of  Gas  Coapoaition  and  Velocity  on  the  Voltage 
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GAS  VELOCITY  (FT./SBC.xlO^) 
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The  Effect  of  Gas  Compoeitlon  and  Velocity  on  the 
Voltage  at  a  Constant  Resistance  External  Load 


The  Effect  of  Gas  Velocity  and  Composition  on  the 
Excess  Oxygen  Supplied  to  the  Fuel  Cell 
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The  Effect  of  Feed  Gee  Composition  on  the  Velocity 
Required  to  Maintain  R  ■  a/T  -  1,0  for  the  Control  Point 


o 

Cvi 

iH 

8 

H 

O 

GO 

O  Q 

o 

CM 

XX80  “T  uea/xQ  jo  easaeAv 

CVJ 

O 

• 

oc 

VO 

CM 

iH 

H 

(KiV) 

eanssa;^  uaSXxQ  dSvMAy 

-  20  - 

The  Effect  of  Gee  Velocity  end  Inlet  Gee  Conpositlon  on  the 
Averege  Percentege  and  Pressure  of  Oxygen  in  the  Fuel  Cell 
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G,E,  Ion  Exchanpe  flembrane  Fuel  Cell 
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Cell  Current  Density  (amps/ft^) 
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CELL  CURRENT  DENSITY  (AMPS./FT 
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GAS  VELOCITT  (FT./SBC 


G.K«  Ion  Exchange  Menbrane  F\iel  Cell 
Die  Effect  of  Gas  Coaposition  and  Velocltgr  on  the  Voltage 
At  a  Constant  Resistance  External  Load 
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G.S,  Ion  Exchange  Membrane  Fuel  Cell 
The  Effect  of  Gas  Composition  and  Velocity  on  the  Voltage 
At  a  Constant  Resistance  Estemal  Load 

1)  Oxygen  Side- Deadheaded  - 

2)  Size  of  Cell  4"x4"-Catalyst  Area  89«9cid 
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Thermoelectric s 


The  thermoelectric  generator  studies  for  this  program  have  centered 
around  the  Investigation  of  static  and  dynamic  charactezi sties  and 
means  of  internal  voltage  regulation*  In  Progress  Report  No.  3 
thermoelectric  theory  was  briefly  summarized  and  relations  were 
presented  for  efficiency,  terminal  voltage,  and  Junction  temperatures 
as  a  function  of  current  density  in  the  -Ujermoelectric  arms*  The 
analysis  Included  the  practical  effects  of  heat  source-^ot  Junction 
and  cold  Junction-heat  sink  thermal  resistances.  In  I^ogress  Report 
No.  $  possible  means  of  Internal  voltage  regulation  were  discussed 
and  the  steady  state  characteristics  for  such  regulation  were  pre¬ 
sented. 

During  the  present  reporting  period  the  dynamic  analysis  of  a  thermo¬ 
electric  generator  was  completed.  The  investigation  has  been  carried 
out  in  two  steps.  First  the  high  frequency  (10  to  10,000  CPS)  character¬ 
istics  of  a  couple  were  measured  on  a  test  couple.  The  results  reported 
in  Progress  Report  No.  5  indicate  insignificant  dynamic  effects  in  this 
frequency  range*  Next  the  low  frequency  (up  to  10  CPS)  charaetezrlstlcs 
were  determined  analytically.  The  method  of  analysis  and  typical 
numerical  results  are  presented  in  this  report. 

>4.3.1  Dynamic  Characteristics 

The  dynamic  characteristics  of  the  themoelectric  generator  are  needed 
in  voltage  regulation  studies  in  order  to  l)  design  a  generator>«rbemal 
regulator  with  minimum  coupling  problems,  and  2)  evaluate  internal 
voltage  regulation  means.  The  characteristic  of  primary  interest  is 
the  dynamic  impedance  of  the  generator.  In  a  practical  generator, 
dynamic  effects  will  occur  because  the  thermal  impedance  of  the  couples 
varies  as  the  electz*ical  load  is  varied.  With  flnlt«  source  and  sink 
themal  resistances,  the  variation  in  couple  thermal  impedance  will 
cause  a  change  in  the  Junction  temperatures  producing  a  corresponding 
change  in  the  open  circuit  voltage.  Increasing  the  load  current  lowers 
the  couple  thermal  Impedance  causing  the  open  circuit  voltage  to  drop. 
Hence  the  generator  arrears  to  have  a  higher  DC  internal  resistance 
than  that  of  the  couples  themselves  because  of  the  effects  of  the 
source  and  sink  thermal  resistances.  This  effect  is  shown  in  Progress 
Report  No.  3  where  the  steady  state  characteristics  of  a  generator 
with  finite  source  and  sink  thermal  resistances  are  shown.  When  the 
electrical  load  is  varied  in  an  oscillatory  manner,  the  Junction 
temperatures  will  tend  to  vary  correspondingly.  As  the  frequency 
is  Increased,  the  amplitude  of  the  Junction  temperature  variations 
will  diminish  because  of  the  thermal  inertia  of  the  thermoelectric 
elements  and  the  electrical  and  thermal  conductors.  At  high  fre¬ 
quencies  the  generator  resistance  will  approach  the  DC  resistance 
of  the  couples.  The  expected  dynamic  impedance  of  the  generator 
thus  is  a  lag-lead  characteristic  with  time  constants  of  the  order 
of  several  seconds  caused  by  thermal  effects. 
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U*3*l*l  Analjrsle 

ApjTytleal  Approach 

A  limped  parameter j  linearized  analysis  was  used  In  studying  the  dynamic 
characteristics*  By  careful  selection  of  the  analytical  modeli  this 
means  of  analysis  can  provide  results  with  the  desired  accuracy  and 
with  relatively  simple  expressions  for  ease  of  later  manipulations. 

The  analytical  model  used  is  sham  in  Figure  U.3-1B  and  a  schematic 
of  the  typical  generator  which  it  represents  is  shown  in  Figure  li«3~lA. 
Only  a  single  couple  is  shown;  with  similar  thermoelectric  properties 
the  n  and  p  elesients  behave  identically  except  that  current  flow  and 
polarities  are  opposite.  For  the  thermal  circuit  then  the  elements 
are  considered  to  be  in  parallel.  In  the  analytical  model  the  thermo¬ 
electric  element  mass  is  assumed  to  be  concentrated  midway  bettieen  the 
Junctions*  and  the  conductors  and  additional  hardware  maaes  are  assuned 
to  be  concentrated  at  the  respective  Junctions  with  the  themoelectric 
element.  Considering  the  thermoelectilc  mass  is  concentrated  midway 
between  the  Junctions  was  believed  to  be  the  most  severe  assumption 
In  this  model  so  an  analysis  was  also  made  using  a  distributed  parameter 
model*  Figure  h.3-lC*  of  the  thermoelectric  element  to  cheek  the 
adequacy  of  the  liaaped  parameter  analysis.  These  results  and  the 
comparison  of  distributed  parameter  analysis  with  the  lumped 
parameter  analysis  are  also  presented  herein. 

In  both  the  distributed  and  lumped  parameter  analyses*  the  analytical 
results  are  presented  in  a  partially  reduced  block  diagram  form*  The 
final  reduction  is  made  in  maierlcal  form;  the  method  is  illustrated 
with  the  nvaaerlcal  example* 

Lumped  Parameter  Analysis 

The  analysis  was  made  considering  the  performance  of  a  single  couple; 
the  dynaadc  characteristics  of  the  generator  would  differ  fr<*>  those 
of  a  couple  only  because  of  edge  effects* 


Nomenclature  used  in  the  analysis  is  as  follows: 

Cq  -  specific  heat*  cold  conductors  and  radiator 
-  specific  heat*  thermoelectric  element 
Ch  -  specific  heat*  hot  conductors  and  container 
I  -  electrical  current 

Kg  -  thermal  conductance,  Junctions  to  element  centers 

Iq  -  thermal  conductance*  cold  Junction  to  sink 

P 

Kg  -  thermal  conductance*  hot  Junction  to  heat  source 
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Mg  -  mass,  cold  conductors  and  radiator  for  couple 
Me  -  mass,  thermoelectric  elements  (n  &  p) 

Mjj  -  mass,  hot  conductors  and  container  for  couple 

Qg  -  Peltier  heat  flow  at  cold  junction 

Oh  -  Peltier  heat  flow  at  hot  Junction 

Qj  -  Joule  heat  in  element 

Qq  -  heat  flow,  cold  junction  to  sink 

Qs  -  heat  flow,  source  to  hot  junction 

0]^  -  heat  conducted  into  element  at  hot  junction 

Qj  -  heat  conducted  from  elanent  at  cold  junction 

R  -  couple  electrical  resi.stance 

S  -  Seebeck  coefficient 

s  -  Laplace  operator 

Tg  -  cold  junction  ter.perature 

Tg  -  element  temperatures,  lumped  mass 

Tj^  -  hot  junction  ter'erature 

Tg  -  sink  -emperature 

Tg  -  source  temperature 

V  -  terminal  voltage 

vhe  properties  of  all  materials  are  assumed  constant  and  the  thermo¬ 
electric  properties  of  the  n  and  p  elements  are  assumed  the  same 
except  for  the  polarity  of  the  Seebeck  coefficient. 

From  consideration  of  Figure  U.3-2  the  required  relations  for  the 
analysis  can  be  written.  These  relations  and  the  corresponding 
relatiwis  in  incremental  linearized  form  are  as  follows: 


After  considerable  manipulation  the  final  form  of  the  block  diagram 
is  outlined  as  shown  in  Figure  where  the  following  definitions 
are  used  for  the  parameters: 
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From  this  point  the  dynasdc  impedance  is  obtained  by  nunerical 
solution  after  the  ralues  for  the  parameters  of  the  generator  of 
interest  are  substituted  in  the  block  diagram.  Figure 


Numerical  Results  for  a  Typical  Generator 

The  generator  used  for  these  numerical  results  was  described  in 
Progress  Report  No,  3*  Bidefly  it  utilised  combustion  gases  as  the 
heat  source  and  rejects  heat  by  means  of  a  free  comrection  air 
radiator.  The  thermoelectric  elements  are  placed  in  a  hermetically 
sealed  module  and  arranged  as  shown  schematically  in  Figure  U,3-1A« 
The  mmerlcal  Talues  for  the  constants  needed  in  this  analysis  are 
listed  below: 

•  U,U2  watt-eec/OK 
CjMg  •  0,382  watt-eec/®K 

•  0,622  watt-sec/^ 

I  •  3.1:  amps 

K,  -  0,021U  watU/OR 

Kq  -  0,058  watta/®K 

Kg  -  0,00137  watt8/®K 

The  constants  are  for  a  single  couple.  Values  for  I,  T^,  and  T^  are 
the  nominal  ralues  about  which  the  increments  occur;  these  represent 
the  design  point  which  is  approximated  the  maximum  efficiency  point 
as  described  in  Progress  Report  No.  3. 


R  ■  0.0276  ohms 
S  -  0.1:89  X  10-3  volts /«>K 
Tc  ■  UlO^K 
\  -  8660K 
To  -  3U6°K 

Tg  -  2200°K 
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These  constants  were  used  to  calculate  the  paraneters  shown  in  the 
block  dlagram«  Figure  Figure  k»3“6  shows  the  block  diagram 

after  the  numerical  substitution.  'In  this  substitution  K  and 
are  approximations  determined  from  Bode  plots  of  and  circuits 
as  shown  in  Figure  U.3-^.  The  feedback  paths  t^a  and  tr^s  (Figure 
U*3-5)  Tlrtusllj  eliminate  the  dynamics  of  the  forward  paths  and 
therefore  produce  transfer  functions  with  a  single  lag.  An  exact 
calculation  revealed  that  the  approximations  were  quite  good.  These 
values  of  Ih  and  H2  were  used  in  calculating  the  numerical  values 
of  Hj,  w  and  Hg  which  are  shown  in  Figure  U.3*^*  In  order  to 
keep  the  proolen  frcin  getting  unreasonably  complexi  additional 
approximations  were  made  for  H3,  and  H5.  In  evaluating  H3, 

Bode  plots  showed 


H3 


(1  *  36a) 

0.26? 


0.39li(l  +  WsT^ 

(1  ♦  SlfsTll'*  9.Ks)2  (1  V-TO' 


_ 1 _ 

3.77(1  +  36s)  - 


and 


both  to  be  good  approximations.  Similar  approximations  were  made  for 
H{^  and  are  as  follows: 


and 


(1  ♦  61is) 
0,867 


0,118(1  ♦  19o)^ 


(1  ♦  8.9s)2  (1  ♦  9.l4s)2  (1  ♦  368) 


1.15(1  ♦  6l»s)  - 


0,118 

(1  ♦  360) 


u.  0,970 


Approximations  made  for  and  are  as  follows: 


„  _  ,  0,160(1  ♦  19s)  .  0.81*0(1  ♦  6,5s)(l  ♦  lls)(l  ♦  668) 

%  ^  -  (1  ♦  B,?.Ki  ♦  ♦  a..)  (1  ♦  6.9»)(i  ♦  •  a.) 

%  =  0.839 
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„  _ 0.6U9(1  ♦  19b)  0.360(1  ♦  8.Us)(l  ♦  10e)(l  ♦  102al 

”6  ^  “  (i  ♦  8.9«T^1  ♦  9.UUi  ♦  368)  (1  ♦  8.98)<1  ♦  9.U8)(1  ♦  36b) 


%  ®  0.351 


(1  ♦  1028) 

Tiogr 


The  lead  and  lag  tine  constants  in  both  G.  and  G  (Figure  U*3^)  are  so 
close  to  each  other  that  the7  contribute  little  dynamics  and  thus  were 
assumed  as  simple  gain  terms.  With  these  approximations  the  block  diagram 
is  easily  reduced  to  the  final  fonn  in  the  following  manner: 
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At  this  point  the  dencednator  of  vae  assumed  equal  to  the  denominator 
at  H3  and  after  further  combination  the  block  diagram  beconesi 


(1  ♦  72s) (1  ♦  UOs) 


The  feed  forward  term*  Hj,  was  then  approximated  by: 

0,010 

(1  ♦  UOs) 


and  the  resultant  block  diagram  becomes: 


In  tarn  of  current  densltj,  J  ■  l/a,  the  electrical  dynaaie  iiq>edance 
ie: 


(anp/oB^) 


.00688 

AV  (rolte) 

\1  ♦  UM) 

Distributed  Parameter  Analygls 


This  analysis  considers  heat  storage  and  Joule  heating  to  occur 
continuously  along  themoelectric  elements.  The  conductors  are 
assumed  to  be  point  storage  elements.  Differential  equations  are 
written  for  a  differential  length  along  the  thermoelectric  elements 
as  shown  In  Figure  U.3**7A  and  the  solution  of  these  equations  pro¬ 
vides  distributed  parameter  anal^lcal  expressions  for  the  parameters 
^  and  0^  of  Figure  and  for  O3  and  G5  which  appears  in 

Gh  and  Gq,  From  this  point  the  analysis  proceeds  Just  as  described 
above  except  that  appropriate  nvonerleal  values  are  used  for  the 
distributed  parameter  terms.  A  comparison  of  the  dynamic  impedances 
calculated  by  the  two  methods  was  made  to  determine  the  adequacy  of 
the  lumped  parameter  analysis  and  is  presented  in  the  next  section. 

The  thermal  circuit  for  the  differential  length  of  the  thermoelectric 
elements  is  shown  in  Figure  U*3-7B  where  dlC^  ■  k«a/dx,  d(Ce)^}  • 
Cew*a*dx,  and  d(l2R)  *  I2,<}(]x/a.  In  the  above  expressions  k  Is  the 
material  thermal  conductivity »  w  the  material  density,  and  /^the 
resistivity.  Summation  of  heat  flow  at  the  node  "a"  provides  one 
relation: 


(1) 

and  an  expression  for  temperature  change  along  the  element  prcsrldes 
the  second  relation: 


Next  equation  (2)  was  operated  on  with  and  substituted  In  equation 
(1)  to  get:  * 

.  .  ew  dT  lV> 

(3)  •  T  "dT  -  15P" 

Takii^  ()/d  X  of  equation  (l)  and  d/d  t  of  equation  (2)  and  combining 
the  resulting  equations  gives: 


Equations  (3)  end  (U)  are  linearised  to  give: 

AT  2/01  .j 
d  X  2  d  d  ^  ka^ 


-  bl  - 


(5) 


and: 


where : 

o/  ■  JL 

cw 

Since  the  response  for  sinusoidal  oscillation  is  desired,  'the 
following  definitions  are  made: 

AT  -  AQ  -AQe^'^S  and  ^  I 

Substitution  into  equations  (^)  and  (6)  yields: 

(7)  AI 

(8)  (l>^  -  ^)aQ  -0  D  -  ^ 

General  solutions  to  equations  (?)  and  (8)  are: 

(9) 

(10) 

Here  C2,  and  Cq  and  C].  are  integration  constants.  Two  of  these 
can  be  eliminated  oy  substituting  equations  (9)  and  (10)  into  one 
of  the  original  equations,  equation  (2)  for  ezanple,  to  get: 

(11)  andC2-^.^-^ka 

C3  and  C}^  are  now  e'raluated  by  applying  boundary  condltl(»i8  in 
terms  of  the  independent  rariables  AQ,  and  ^Tc  (these  can  be 
seen  to  be  input  quantities  from  Figure  U*3-U).  Thus: 


A  T  ■  e^*  ♦  Cg  e“^*  ♦  ^  AI 

AQ  -  e^*  ♦  Cj^  e"^* 

where  /S  ■  J  '  snd 


6.i£i. 

ka^ 


-  1,2  - 


at  X  ■  Of  (x  ■  0  at  hot  Junctions) 

X  ■  AT  • 

Substituting  these  conditions  into  equations  (9)  and  (lO)  girest 

3  (e^i  ♦*-/«>) 


AQie^^  ♦  (TA  Te  -  ^ 

’  (e  ♦  e-  ) 

Iquatlons  (9)  and  (lO)  vith  the  above  definitions  for  the  integration 
constants  are  the  general  expressions  for  A  Q  and  A  T  and  are  noir  used 
to  determine  the  dependent  variables  and  AQ2*  Applying  the  con¬ 

ditions  that: 


AT  •  AT||  at  X  •  0 


and 


AQ*AQ2atx"^ 

the  Insults  of  the  distributed  parameter  analysis  are: 

(11)  AQa  -  Gl^Qi  ♦  02^^c  ♦  ^3^^ 

(12)  ATh  •  Q^ATc  ♦  G5AQ1  ♦  G5/.I 


where: 


A 

eoek  l^L 

coek  Bi 

d"  tanh  ^  ^ 

tanh  Al 

°5 - 7— 

C  ^  tanh  /3-c 

X 

coek  fiL  j 


ThM*  constants  ara  mors  convanlent  to  usa  in  tha  niaMrleal  raductlon 
which  is  to  follow  if  tha  hjrparbolic  fuTxstions  ara  in  tha  following 
fora  of  factorad  infinita  sarias: 


•  (i«  V)  •  • 

»  8  CA  -  r 

»>»«=  r  -  ^  -15-  r„  -  (577^ 

n  -  0,  1,  2,  3  *  • 

C,H,  •  (1  ♦  ••••(!*  ^M*) 

■  (1  ♦  r  5)(i  •  •  (1  ‘  V) 


n  ■  1,  2,  3  •  •  • 

^  3i»  (1  ♦  *  1^) ...  (1 «  r^) 

2 

(1  ♦  t  •)(!  *  ^)(i  ♦  .  (1  ♦  r,.) 

.  .2n 

'T  (1  *  0^1  ♦  ^)(i  *  .  (1 .  t„.) 

t 

°  (Un)8 

n"l,  2,3***®* 
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In  arriving  at  this  reduction  it  must  be  recognized  that: 

R  •  and  k«  ■  2  ^ 

Also  the  Laplace  operator^  s,  has  been  substituted  fcr  Jtj, 
Further  eralii^ation  of  constants  yields: 


Gi2 

»13 


KoGU 
b  q'^ 


“ui  ■in^ 

where  D 


°i°u 

(05)2 


and 


S  -  K-  +  SI  ♦ 


2r 


-  K. 


SI  ♦  O2 


*01% 

W 


It  was  found  convenient  to  analytically  oraluat#  the  paraasters 
below  before  nunerlcal  substitution  Is  node. 


O20  K© 


O20  Fs 


Kq 

Kq  -  SI  ♦  ^  eoth/^^ 

Its _ 

Rg  ♦  ^  coih  /9/ 


-  - 


At  this  point  the  analTtieel  analjeie  wee  endod  and  the  final  reduction 
was  done  in  numerical  form. 


Iftawrlc^  R— nltp  for  Dlstrlbut»d  Parmetar  Analyit 


The  first  step  In  obtaining  a  nonerical  ralne  for  the  <!^mamic  Inpedanee 
tram  the  dLstxdbated  paraneter  analysis  is  to  eralnate  ths  transfer 
functions  0h«  Og,  H3,  Ik  and  H5  (Tlgore  In  order  to 

eraluate  H3  and  Hi  and  R2  respeetiTely  nust  be  eraluated  first 
(see  figure 


Hi- 


♦ 

_ ^ _ 

O20 

' - k 

- 

5i3 

— 1 

^h® 

020 

^3 


Ks 

17  I  cotlyri 


The  block  diagraa  is  rearranged  tot 


♦  1 

_ rs _ 

Ks 

V 

*5  ♦ 

^h«  ♦  1”  eoth/fi 

As  was  shown  in  the  prswioas  section,  the  hjpsrbollc  tsm  is  character¬ 
ised  by  an  infinite  maber  of  factors  or  tiiw  constants.  Both  terns 
in  the  feedback  block  are  shown  in  a  Bode  plot.  Figure  U.3-6,  which 
was  used  to  arrive  at  a  si^tlifjrlng  approodnation  for  the  feedbadc 
block.  A  criterion  was  used  that  is  coanon  in  control  work;  i.e., 
whsn  the  spread  between  two  toms  on  a  Bode  plot  is  greater  than 
20  db  (10  to  1),  the  snaller  tens  can  be  ns^cted.  nroa  Figure 
U.3-8  it  can  be  seen  that  when  this  criterion  is  used  only  two  lead 
and  two  lag  factors  of  the  hyperbolic  texa  need  be  considered.  ULth 
this  assu^ption  the  eoshinsd  feedback  terns,  H,  appear  as  shown 
below t 


»1- 


•f 

0.72a 

1 

0 

H 

j 

2*Ii$(l  ♦  698)(1  ♦  3.2s)(l  ♦  .858) 

(1  ♦  3.68)(1  ♦  .918) 

-  a?  - 


The  g•lMrml  •olatlen  for  this  diafrn  lit 


0 

wh«r«  0  la  the  faad-fonrard  tana  and  H  la  tba  faadbaek  tarn*  Tha  abora 
20  db  erltarion  acaln  was  appllad  to  thla  raduetlon*  Thla  can  ba 
aeeoapUAad  bj  ecaparing  the  aagnltada  of  OR  with  uaitjr  on  a  Bada  plot. 
Flfvra  ia  a  akatch  of  the  plot  which  ahowa  that  only  the  firat 

lead  tam  la  the  faadbaek  block  la  of  algoLfleaneo.  H3  at  thla  point 
then  appeara  aat 


♦ 

- _ ^ _ 

.72U 

- 1 

n 

2.U5(1  ♦ 

69a) 

which  la  readily  reduced  tot 


Hi 


0.26$ 


Froa  Figure  it  can  be  aeen  that  tlM  H3  tranafer  function  lat 


Aa  waa  daaeribed  abovej  a  Bode  plot  of  OH  aaa  aede  to  detendna  the 
algnlfleant  tlaa  eonatanta.  Although  tha  plot  (Figure  U.3-10)  ahMud 
two  laga  to  approKlMtely  at  the  20  db  down  point,  they  were  retained. 
After  thla  approaclaatlon  the  block  diagran  for  H3  In  noBMrleal  fora 

appeara  aat 


-  t<8  - 


which  Is  rssdlljr  rsduesd  tot 


„  0>29$(1  ♦  66s) 

”3  11  ♦  b78Mi  ♦  Jbs} 

The  trsnsfor  function  was  swaluatsd  in  a  Tor7  slsdlar  nannor  and 
bscasMt 


u.  -  0.97(1  ♦  U$8) 

"u  Tr"-r8757TT  ♦  f 


HsT 


Ths  transfer  functions  and  &  were  eraluated  using  the  20  db  spread 
criterion.  Although  thejr  haws  reed-forward  paths,  the  technique  for 
eraluatlng  then  is  Terjr  sinllar  to  that  abore. 


- 


C 


D 

°^”2 

(*20 


Figure  U.3-11  is  a  Bode  plot  of  the  feed-forwerd  paths  C  and  D  fros 
which  it  can  be  seen  that  onlj  a  single  lag  ten  is  of  signLfieeaee. 
The  block  dlagrsn  font  of  is  then: 

* 

I  -  ■  eO-  -• 


1 

0,161 

1 

a  ♦■tfs) 

which  reduces  tot 


«5 


0,839(1  ♦  79s) 
~(1 


Slnllarlj  was  found  to  bet 

0.351(1  ♦  1280) 

■  h  *  l,f»7 


The  sane  technique  was  used  to  ewaluate  0)| 


and  thost 


(1  U«6e 
(l  +  3.68 


°h  "  75.5 

The  lead  and  lag  tine  constants  here  are  sufficiently  close  that  a 
good  apprcodjMtlon  Is: 

Oh  “  75.5 

In  eraluatlng  G.  at  least  5  lead  and  lag  terms  would  hare  to  be  retained 
from  the  InflnlM  series  representation  if  the  20  db  spread  criterion 
were  used.  Since  these  dynasdcs  reduce  the  value  cf  Qq  by  only  30JC  at 
higher  frequencies  and  since  the  forward-feed  path  which  contains  Gc  Is 
only  10%  of  the  parallel  path  (containing  G)^;  see  block  diagram  below), 
neglecting  these  d^jrnamlcs  causes  little  error.  iAth  this  approximation: 

Qc  -  -  5.30 

The  block  diagram  in  nuaerical  form  for  the  distributed  parneter  analysis 
now  appears  as: 


R 


which  beccnes: 


A  To 


and  by  simplifying  the  d3mamlc  feed-forward  path  to* 

.010 

n“"388) 


the  electrical  dynamic  impedance  is : 


(amp) 


.0376 


(1  ♦  288) 

TT-+  388) 


AV  (volts) 


or  in  terms  of  current  density,  J, 


AJ  (amp/cm^) 


.00688 


(1  ♦  ?Ps: 

XT*  388 


AV  (volte) 
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U«3«l«2  Regglte  and  Concluslona 


Block  dlagrans  sh owing  transfer  function  characteristics  of  a  typical 
themoelectric  couple  are  shown  in  Figure  U*3>12  based  on  both  a  lumped 
paraneter  and  a  distributed  parameter  analysis*  Prom  these  it  can  be 
seen  that  the  limped  parameter  results  differ  rery-  little  from  the 
distributed  parmneter  results*  Hence,  the  limped  parameter  analysis 
can  be  used  with  good  results  for  detemining  the  d]rnamic  impedance 
of  generators  which  hare  the  general  characteristics  of  the  example 
generator* 

Ihe  general  block  dii^am  for  a  thermoelectric  couple  is  given  in 
Figure  U*3'-5«  Final  solution  for  a  particular  problem  is  obtained 
by  numerical  reduction  of  this  diagram*  Definitions  of  the  paraaieters 
are  listed  in  the  "Limiped  Parameter  Analysis”  section. 

It  is  often  convenient  to  represent  the  electrloal  dynamic  impedance 
by  means  of  an  equivalent  electrical  circuit*  Figure  U*3*‘13  shows 
an  equivalent  electrical  circuit  based  on  the  lumped  parameter  results 
of  Figure  U*!-!?*  This  circuit  represents  the  characteristics  of  a 
single  couple*  Thermoelectric  generators  characteristically  have  all 
the  couples  thermally  in  parallel*  The  <|ynasdc  characteristics  of  a 
generator  would  then  differ  from  those  of  a  single  couple  only  by  the 
DC  gain  of  the  transfer  funetioni  the  gain  becomes  a  n^tiple  (the 
ntmdier  of  couples)  of  the  gain  for  a  single  couple*  The  thermal  time 
constants  are  not  altered  by  the  number  of  couples  considered* 

The  results  show  a  lead  lag  characteristic  with  a  DC  resistance  equal 
to  that  shown  in  h*ogress  Report  No*  3  when  the  effects  of  source  and 
sink  thermal  resistances  are  Included*  At  high  frequencies  the  im¬ 
pedance  approaches  the  DC  resistance  of  the  couple  Itself*  The  lag 
and  lead  time  constants  are  so  large  (UO  sec*  and  30  sec*  respectively) 
that  they  are  expected  to  contribute  negligible  interaction  problmis 
with  an  external  voltage  regulator  or  inverter*  The  time  constants 
also  indicate  the  order  of  magnitude  of  response  that  can  be  expected 
if  voltage  regulation  is  acccmplished  by  control  of  junction  tempera¬ 
tures* 
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Block  magraR  in  Nowrleal  Font 


Fig,  4.3-7A  Theraocouple  Showing  Differential  Fig.  4,3-7B  Therwal  Circuit  for 

Eleirent  for  Distributed  Paraiwter  Distributed  Paraneter 

^ralysis  Analysis 


Fig.  4,3-10  Plot  of  for  H 
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A 


_i 

A 


a*  Lunped  Parametar 
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b*  Distributed  Paraneter 


Fig.  4.3«12,  Block  Diagram  Results  for  A  typical  Thermoelectric  Couple 
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Area  of  Themoelectric 
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Fig,  4,3-13  Equivalent  Circuit  for  Electrical  Dynaaic  lapedance  of 

a  Themoelectric  Couple 


4.4  Thermionles 


During  the  present  reporting  period  an  analysis  was  performed  to 
determine  the  dynamic  characteristics  of  the  thermionic  converter. 

In  the  analysis  a  vapor  type  converter  was  considered  in  a  typical 
space  application  where  heat  is  supplied  by  means  of  a  solar  collector 
and  is  rejected  by  radiation  to  space.  The  analytical  results  are 
summarized  below  and  a  numerical  example  of  a  typical  converter  is 
presented.  Although  the  analysis  considers  a  space  system  the  re¬ 
sults  can  be  anplied  to  other  systems  with  little  modification. 

4.4.1  Dynamic  Characteristics 

The  dynamic  characteristics  of  an  electrical  power  source  are  of 
interest  to  both  the  power  source  designer  and  the  electrical  system 
designer.  The  AC  output  impedance  of  the  power  source,  in  this  case 
the  thermionic  converter,  is  of  particular  interest  since  it  is  often 
different  from  the  DC  resistance.  Dynamic  effects  could  be  caused  by 
a)  delay  or  lag  phenomena  within  the  converter  and  b)  source  to 
cathode  and  anode  and  cesium  reservoir  to  sink  thermal  resistances. 

In  Progress  Report  No.  5  the  dynamics  of  the  converter  itself  (with 
constant  temperatures)  were  discussed  and  the  conclusion  was  made  that 
they  are  negligible  in  the  frequency  spectrum  of  interest.  The  prin¬ 
cipal  cause  of  dynamics  therefore,  is  expected  to  be  the  effects  of 
the  source  and  sink  thermal  resistances.  If  these  are  significant 
they  will  allow  the  cathode,  anode  and  cesium  reservoir  temperatures 
to  change  as  the  converter  thermal  impedance  is  changed  by  varying 
the  load  current.  These  three  temperatures  affect  the  output  voltage 
of  the  converter  and  thus  variations  in  them  produce  dynamic  effects. 
At  low  current  osciLlation  frequencies  these  temperatures  can  vary 
but  at  high  frequencies  the  thermal  inertia  of  the  cathode,  anode, 
and  cesium  reservoir  will  cause  them  to  remain  essentially  constant. 
Hence  the  converter  will  operate  on  one  volt-asqpere  curve  at  DC  and 
low  frequencies  but  will  shift  to  another  at  high  frequencies.  The 
analysis  presented  below  Illustrates  how  the  source  and  sink  thermal 
resistances  can  cause  dynamic  effects  and  the  numerical  example  shows 
the  order  of  magnitude  of  fhe  effects  that  can  be  expected  for  most 
systems . 


Analysis 

1.  A  lumped  parameter  linearized  analysis  was  used  to  deteraine  the 
dynamic  characteristics.  The  nomenclature  for  the  analysis  is 
listed  below: 

-  specific  heat  of  anode  material 
Cg  -  specific  heat  of  cathode  material 
Cy  -  specific  heat  of  cesium  reservoir 

Ej  -  intercept  voltage  of  linear  volt-ampere  curve 

I  -  electrical  current 

lo  -  steady  state  value  of  current 

-  thermal  conductance,  anode  to  heat  sink 

K  -  thermal  conductance,  cathode  to  anode 
c 

Kg  -  cathode  to  anode  effective  thermal  conductance  due  to  electron 
cooling 

Kp  -  thermal  conductance,  cesium  reservoir  to  heat  sink 

K_  -  effective  thermal  conductance  for  radiant  heat  transfer, 
cathode  to  anode 

K  -  thermal  conductance,  heat  source  to  cathode 
s 

-  thermal  conductance »  anode  to  cesium  reservoir 

M  -  anode  mass 

a 

-  cathode  mass 

•  cesium  reservoir  mass 
P  -  converter  output  power 

R  -  internal  resistance  of  converter 

g 

R  -  steady  state  value  of  internal  resistance 

o 

3  -  laplace  operator 

T  -  anode  temoerature 
a 
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Tg  -  cathode  temperature 
Tqs  ”  cesium  reservoir  temperature 
-  heat  sink  temperature 
T  -  fictitious  heat  source  temperature 
V  -  converter  terminal  voltage 
Vp  -  steady  state  terminal  voltage 


defined  by  Figure  4.4-12  of 


(  T  1  T  )-  defined  by  Figure  4.4-13  of 

\  CS  C/ 

/  730T  \ 

^  j  -  defined  by  Figure  4.4-14  of 

(^cs*  ^c)“  Figure  4.4-15  of 

^  -  proportionality  constant  for 
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radiant  heat  transfer 


The  analytical  result  desired  is  an  expression  for  ^ ,  the  dynamic 
impedance  of  the  converter  where 

A  linear  volt-ampere  curve  is  assumed  for  the  converter  and  the 
electrical  schematic  becomes 


from  which  the  following  relation  can  be  written 
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In  this  expression  snd  R  are  not  constants  but  are  functions  of  T^y 
and  Tgg  so  the  linearized  form  of  the  above  expression  becomes t 

i.)Av.AEj.i„AV 

The  relations  showing  how  T^y  T^y  and  affect  and  were  presented 
in  Progress  Report  No.  5* 

Before  these  are  used  a  thermal  circuit  of  the  converter  is  reduced 

to  determine  the  transfer  functions  from  A  ly  the  independent  variable  and 

A  T  .  AT  and  AT  .  These  transfer  functions  combined  with  the  ivlations 
c  ^  cs 

describing  A  and  A  R^  as  functions  of  A  T^y  A  T^  and  can  then 

be  substituted  into  Equation  Ip  to  obtain  the  desired  result y  AV  as  a 
function  of  A  I. 

Figure  4.4-lB  shows  the  assumed  thermal  circuit  for  the  converter 
which  is  shown  schematically  in  Figure  4,4-lA. 

The  following  equations  can  be  written  from  the  thermal  schMstict 


Basic  equations 

Llnsarlted  Form 

Qt  -  Mg  (Tg  -  T,  ) 

^9i  -  »  ,  A  T,  - 

Ql  -  V.I  ♦  CcMgsTo 

♦  1,^  »  ♦ 

Qo  »  Qg  ♦  Qy  +  CgMgSTg 

A  ^  -  A  ♦AQ^  ♦  CgMgS  ATg 

9.  “) 

9,  -  -  f=s> 

9,  -  9p  .  C,VT„ 

9p  ■  (' -  O’ 

-  *p  (•*T„  -Al„) 
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where  ‘  "c  <  ^  ^  *  “H^’h  +  1 

%  -  f(r^. 

%  -  f(T„.  I,) 

t  •  r(T  ,  T  ,  I) 

^  c  a 

The  last  equation  for  was  derived  in  Progress  Report  No.  5  where  plots 
for  0^,  and  and  were  presented  in  Figures  4,4-26,  4.4-27,  and  4.4-28, 
respectively.  In  linearizing  this  equation  assumptions  were  made  that  was 

independent  of  T  and  Q  was  independent  of  both  T  and  T  . 

a  e  c  a 

These  linearized  equations  are  shown  in  block  diagram  form  in  Figure 
4.4-2.  From  this  point  on  the  sink  temperature,  vas  not  brought  along 

in  the  analysis  as  an  independent  variable.  Changes  in  T^  will  have  little 
affect  on  the  converter  performance  since  heat  rejected  varies  with  the 
fourth  power  of  temperature  and  T^  is  generally  considerably  smaller  than 
T  or  T^..  Reduction  of  Figure  4.4-2  provides  the  following  expression 
for  the  cathode  temperature. 

2.)  A  T,  .  Gjo  Wi  T,  -  Oil  AV-OijAI. 
where 


^11 


(1  •►He)  W 


(1  T^a) 
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^2 


10 


t: 


Tr, 


^  ^  K_K^  (1  ■^^e3s) 

wh.r.  A.  *^(1  *?,»)+  7t—,) 

and  the  time  constants  are 


CM  ^  C  M  ^  CM 

? .  -  -p  I  r.  -  -Ks  '  To  -  " 


The  expression  for  anode  temperature  is: 
3.)  AT.  -  G20^'‘‘s  "  ^21^^  "  GooAl 


'22* 


where 


20  A  (Kc+  A)  , 

*,  (kT^, 


}  *  9^  0 

21  T  20 
^  a 


^22 


and  for  the  cesium  reservoir  temperature 

®30  "  ^20  ^33 

°31  *  ^21  S3 

°32  "  S2  ^^33 


'20 


where 


'33 
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Thes9  «r«  th«  0;q>resslons  needed  for  end  ^  in  terms 

of  the  Independent  variables  ^  I  and  A  Tg  and  the  dependent  variable 
A  V.  Next  expressions  for  ^Rg  and  ASj  in  terms  of  ATq,  and 


must  be  obtained. 


Progress  Report  No.  5  presented  the  following  expressions  for 


and  R_i 

S 


Bj  -  0.55  W«X 

w  ■  r 


R  »  0.0325  fz 
C  /730T 


) 


*  =  r,  <W  V 

In  linearised  form  these  become 

5.)  ABi-liiT, 

*1  ■  “-55  *0 


*2  -  “0  H 


C5 


K,  ■  0.55  W  ^ 
3  o 


CO 


'C80 
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6.)  AR, 


It*  -  0.0325 

Kj  -  0.0325  Ito  ^  ' 


C8 


CO 


<>i 


h  "  '‘o  I 


oso 

Here  the  subscript  "o"  indicates  the  nominal  or  D.C.  value  for  the 
linearization.  Equations  1.)  through  6.)  are  now  combined  to  give 
the  transfer  functions  for^^I  to  and  for  AT  to  AV.  This 

9 

combination  provides  the  desired  analytical  expression  for  the 
dynamic  impedance  and  the  results  are  shOMi  in  block  diagram  foni 
in  Figure  4.4-3*  The  diagram  easily  could  be  reduced  further  but 
the  form  shown  is  more  convenient  for  obtaining  numerical  results. 
In  algebraic  form  the  electrical  dynamic  impedance  is 


7.) 


°12»3  -  *  °22  "  °32t'‘2  ’  W  *  *■«, 

1  ♦  0u(*3  -  Io«6>  *  “2l(‘l  -  lo'l.)  ♦  “31  ‘*2  -  V5> 
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Numerical  Example 


The  numerical  values  for  the  constants  for  a  typical  vapor  converter 
are  listed  below: 

=  6.17  w-sec/®C-cm^ 

C  M  =  1.1^  w-sec/°C-cm^ 
c  c 

CA-  0.233  w-sec/°C-cm^ 

Iq  ■  8.47  amp/cm^ 

K  =0.103  w/cm^-°3 

ft 

K  =  4.67  X  lO"^  w/cm^  -°C 

w 

*  1.75  w/amp 

Kp  »  1.69  X  10'^  w/cm^  -°C 

K.  «  7.87  X  10-5  „/c,."  _Oc 

Ky  =  0.295  X  1C"5  „/cm^  -°C 
■  -  0.66  X  10"^  volts/°C 
K2  =  -  5.5  X  lo"^  volt3/°C 
Kj  -  1.87  X  10"^  volts/ °C 

=  -  0.0650  X  10“5yi_cn^/°G 
»  -  0.292  X  10“^-^-cm^/°C 

-3  2  ,0 

Kg  «  0.0438  X  10  Vl-cm  /  C 

2 

Rq  =  0.0325  il -cm 

Vq  »  0.275  / 

Tao  •^30°C 
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Too  “  1330°C 

Tcso  "  300°C 

Wq  -  1.0 

•  1-0 

To  •  1-0 

Zo  "  1*0 

The  methods  used  in  evaluating  some  of  these  constants  deserve 
some  comment.  In  evaluating  Kg,  a  first  reaction  night  be  that  the 
source  (s'ln)  temperature  is  so  high  compared  to  the  cathode  temper¬ 
ature  that  a  constant  heat  flux  should  be  considered.  However,  the 
characteristics  of  the  mirror  system  for  concentrating  the  solar 
energy  are  such  that  increasing  the  cathode  temperature  reduces  the 
heat  flux  into  the  cathode.  This  characteristic  can  be  represented 
by  a  fictitious  source  temperature  and  a  source  to  cathode  thermal 
resistance.  Kg.  A  value  for  Kg  was  obtained  in  the  following  manner t 

\  -  Ts^T,  -  Tg) 

and 


Thus 


AQi  .  -  Kg  A  Tg  for  constant  Tg 


where  is  the  steady  state  value  of  heat  into  the  cathode. 
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From  a  typical  curve*  showing  Qj^/Qj  versus  (Q^  =  solar  heat  flux), 
was  determined  and 

““ZI7 

was  evaluated  from  the  slope  of  the  curve.  These  provided  the 
necessary  numerical  Information  to  evaluate  a  fictitious  des¬ 
cribing  the  characteristics  of  the  collector  system. 


The  value  for  was  obtained  In  the  following  manner: 


_  4^T  ^ 


‘ao 

p 

‘ao 


21T 


From  this  we  define: 


K  > 
a 

The  same  approach  was  used  to  evaluate  K^. 

The  constants  through  were  evaluated  from  Figures  4.4-12  through 
-I5  In  Progress  Report  No.  5.  Slopes  of  the  appropriate  curve  at  the 
steady  state  values  prtjvlde  the  values. 


•Figure  7,  D.L.  Purdy,  "Solar  Thermionic  Power  ;^stem"  -  Amerlcal  Rocket 
Society  Paper  No.  60  ARS  13II. 
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Using  these  constants  the  various  transfer  functions  were  evaluated 
and  are  as  follows: 


where: 


r.  ■  60  sec.|  sec.,  =  145  sec. 


*  1080  °C/volt 


D  ■  (l  66s)^ 


0.148 
[I  +  119sJ 


These  values  were  used  in  the  transfer  function  blocks  of 
Figure  4.4-3  yielding  the  resulting  block  diagraa  shown  in  Figure 
4.4-4.  Some  assumptions  were  made  to  minimize  the  complexity  of 
the  block  diagram  of  Figure  4.4-4.  The  numerator  of  block  G^ 
(Figure  4.4-4)  was  aoproximated  as  (1  66s)  .  From  a  bode  plot 

it  was  found  that  the  following  was  a  reasonable  approximation  for 
the  combination  of  G^^^,  0^2  *  -  -i 

0.626(1  ♦  25s)  [l  -t-zC. 815) (1578)  (l57s)^J 

“51  ’  °52  “  °53  “  (1  +  119s)(l  +  66s) J 

(1  ^  63s) 
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In  block  the  negative  time  constant  was  assumed  negligible  and  was 
omitted.  The  combination  of  0^2  found  to  be  very 

closely  approximated  by 


+  G,.„  +  Gj,o  ■ 


"41  ^42 


43 


0.164(1  +  83s)^ 

(1  +  115s) (1  +  66s)3 


From  a  Bode  plot  it  was  determined  that  this  combination  was  approximately 
«  .  ^  ^  0.164 

Si  S2  S3  *  (i  +  56s) 


After  the  reduction  of  the  feed-forward  and  feed-back  loop  the  block 
diagram  appears  as: 


Further  reduction  yields: 


Bode  plots  were  used  to  obtain  reasonable  approximations  for  both 
blocks  and  the  final  result  is  shown  in  Figure  4.4-5. 
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4,4.2  Results  and  Conclasions 


The  analytical  results  for  the  dynamic  Impedance  of  a 
thermionic  converter  are  shown  In  block  diagram  form  In 
Figure  4.4-3  and  are  expressed  by  equation  7  which  Is 
listed  In  4.4-1  under  the  "Analysis'*  section.  An  equiv¬ 
alent  electrical  circuit  Is  a  convenient  means  of  repre¬ 
senting  the  dynamic  Impedance  of  a  power  source;  an 
equivalent  circuit  for  the  numerical  example  Is  shown  In 
Figure  4.4-6.  All  these  results  are  for  a  single  thermionic 
converter.  If  several  converters  were  placed  electrically 
In  series  to  provide  a  higher  generator  output  voltage,  the 
dynamic  Impedance  still  would  be  characterized  by  the  time 
constant  shown  In  these  results  since  the  converters  would 
be  thermally  In  parallel.  The  gain  of  the  transfer  function 
or  the  DC  Internal  Impedance,  however,  would  have  a  higher 
value  which  would  be  a  multiple  of  the  number  of  converters 
being  used. 

The  results  show  approximately  a  4  to  1  decrease  In  gain  or 
Internal  Impedance  magnitude  for  current  perturbations  from 
DC  to  high  frequencies.  Although  the  Impedance  change  is 
significant,  the  associated  time  constants  are  sufficiently 
large  (approximately  10  sec.  and  40  sec.)  that  little  Inter¬ 
action  should  occur  trlth  external  regulators  which  have 
characteristic  switching  frequencies  of  hundreds  to  thousands 
of  cycles  per  second. 
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S  ourca-Cathode 
Thex«al  Resistance 


E-i 
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Figure  U.li-IA  Schematic  of  Vapor  Conrerter  Figure  U.U-IB  Thermal  Circuit  for  Vapor  Converter 
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Flfrure  Block  DLagran  Ropresenting  Djrnamic  Lapodance  of  a  ThermLonLc  Comrerter 


(Oo) 


(volts) 


Figure  U»U-$ 


Block  Diagran  of  NuMrlcal  Results  for  a  Vapor  Thermionic  Converter 
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A  "  iTM  of  Cothodo  ill  oa? 


Figaro  U«U-6 

■qolraloiit  Circuit  of  a  Fapor  Tbondo^e  Coarortor 
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^•5  Voltw  Control  by  Coabinatlon  Switching  and  Sarias  Ragulatiiur 

Clrottltt 

^•5«1  Introduction 


During  this  reporting  period »  the  analysis  of  a  transistorised 
switching  and  series  regulation  circuit  was  coopleted.  This  Included: . 

1.  Ihe  developwent  of  typical  total  weight  per  unit  power 
versus  circuit  efficiency  curves  for  power  levels  of  1  KW 
and  10  XV  (the  25  watt  and  250  watts  were  presented  In 
Fig.  4,5-9  through  4,5-12  of  progress  repoH  #5), 

2,  The  developaent  of  the  relationship  between  voluee  and 
weight  in  the  form  of  volume  vs  efficiency  curves. 

weight 

3*  The  investigation  of  the  design  limitations  of  the 

switching  and  seizes  regulating  circuit  at  various  voltage 

and  power  levels. 


The  circuit,  assumed  transistor  characteristics,  assumed  form 
factor  and  nomenclature  were  presented  In  section  4,5,1,  4,5.5, 
and  figures  4,5-1,  4,5-5  oF  progress  report  #5, 

4,5*2  Weight  Per  Unit  Power  Curves 

Results 


In  progress  report  #5,  an  analytical  procedure  for  determining  the 
weight  per  unit  output  power  for  a  switchli^  and  series  regulating 
circuit  was  discussed.  The  results  ere  presented  In  the  fora  of 
weight  per  unit  power  vs  circuit 

various  values  of  load  voltage  (V|^)  and  Inherent  source  regulation  (B), 
This  form  Is  convenient  In  evaluating  regulation  systems  containing 
the  switching  circuit,  either  alone  or  In  conjunction  with  external 
converter  and  Inverter  circuits.  The  various  operating  points 
evaluated  are  shown  In  Table  4,5-1, 

Table  4,5-1 


efficiency  curves  for 


6,  12,  28,  ko 


Inherent 


256  watts 

6,  12,  40 

loojt 

40)( 

1  KW 

12,  20,  (28),  10,  100 

100]^ 

10  IW 

20,  (28),  10,  100 

lOOf 

40^ 

The  25  end  250  watt  curves  were  presented  In  figures  4,5-9  throng 

4.5- 12  of  progress  report  #5,  The  1  KW  and  10  KW  eases  were  eo^)leted 
during  this  reporting  period  and  are  shown  In  figures  4,^1  through 

4.5- 4  of  this  report.  In  the  1  KW  and  10  KW  plots,  the  28  volt  curves 
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were  obtained  by  interpolation  from  the  other  voltage  points.  The 
dotted  portions  of  the  curves  are  approxlnate  since  a  per  transistor 
saturation  resistance  lees  than  the  aesused  value  of  .01  ohias 
is  required  to  achieve  the  values  indicated. 


Analvais 


The  analytical  nethod  for  generating  the  velght  per  unit  power  vs 
circuit  efficiency  curves  for  the  1  and  10  KVT  cases  is  the  sane  as 
presented  in  section  4.5.2  of  progress  report  #5  with  two  exceptions t 


1.  In  order  to  obtain  a  reasonable  fin  effectiveness  (.3  oi*  greater) » 
larger  fin  base  plate  thicknesses,  t^.  were  assuned  for  the  1  and 
10  KW  eases.  The  assuned  values  were  tg  ■  .05"  for  1  KW  and  tp 
*  .5"  for  10  KW.  This  change  causes  equations  4.5>26«  -29*  -3o 
of  progress  report  #5  to  become  respectively: 


^f  P  < 


tB  ^  t^  (1  ^ 


|) 

m 


♦  2t^  H 


Wtot  -  ZHyw^  Pc  ['B  te  (1  ♦  |)] 

♦  2t  H  ♦  <•0013  H  -  .0003)  (Preq) 

oTc  - Z.U5 - 


^  (opt.)  "  **req 


2.45  (.0013  H  -  .0003) 
PcH  *  ^0^0  <1  Jf) 


3.45 

1 

51^ 


2.  A  sign  error  was  discovered  in  the  derived  expression  for  the 
— ™  allowable  value  of  saturation  resistance  (Bqn.  4*5.22  of 
progress  report  #5)  which  decreases  the  severity  of  the  restriction. 
The  correct  expression  is: 


H 


»l*b- 


z 


where:  Z 
*L 


♦  D 


Wv. 


[m  (B  -  1)  -(b  +  1)]  -  1 


cem 


and: 


2k _ [b(M  -  1)  ♦  2]  -  M 

’cem  *• 


In  view  of  this  coirection,  the  250  watt.  B  »  lOOjt.  6  volt  JJtoT  vs 

Tfy,  cuznre.  shown  dashed  in  figure  4.5-11  of  progress  report  #5  !• 
not  restricted  and  should  be  considered  as  firm  data* 


In  all  other  rospoeta,  the  generation  of  the  1  and  10  KW  curves  is 
the  Same  as  previously  used  for  25  and  250  watts* 

U*5-3  Volume  Characteristics t 

Results 


The  total  volume  (or  volume  per  unit  power)  can  be  obtained  from  the 
total  weight  (or  weight  per  unit  pcwer)by  application  of  a  volume  to 
weight  ratio  (Vxor/Wpor)*  Figure  U.5-5  shows  the  (Vtot/^Ot)  ratio  as 
a  function  of  minimum  circuit  efficiency  for  the  various  power levels 
of  interest.  Note  that  the  volume  so  obtained  applies  to  a  circuit 
partially  optimized  with  respect  to  weight  and  does  not  represent  any 
optimization  with  respect  to  volume. 

Analysis 


For  the  assumed  package  configuration  (see  figure  h.5-5  of  progress 
repoa*t  #5)|  the  volume  can  be  expressed  as: 

(U*5-l)  Vyof  •  Kf  (1  *  *  I  ) 

where  kf  is  the  fin  base  plate  area  in  in^; 

1  inch  is  the  assumi^  enclosure  thickness} 
tg  is  the  assumed  base  plate  thickness  in  inches, 
and  JL  is  the  fin  length,  in  inches,  obtained  from 
the  sdnlmum  wel^t  fin  design  computer  program 
(see  para.  U.5*2*6  of  progress  report  #5)* 

Nsii^  equation  of  progress  report  the  ratio  of  package  volume 

to  package  wel^t  can  be  expressed  as: 

(u.5-2)  Ija _ _ 

^  W,(.coi3H..0005)fey-'‘' 

The  Tarlatlon  of  equation  h»S-2  with  voltage  level  and/or  source 
regulation  is  ssiall;  thus  allowing  a  single  curve  for  each  power 

level* 

As  a  result  of  the  partial  optimization  of  total  weight  (see  sect* 

U*5«2»7  of  progress  report  #5)  sn  optimum  value  of  Af  is  obtained* 

Ri^lcally,  however,  Af  must  be  squid  to  or  greater  than  A.jN<f,  the 
total  base  area  of  the  power  transistors;  Therefore: 

(U.5-3)  Af  -  Af  (opt)  when  Af.(opt)  >  AtMt 

kf  -  AfNr  when  Af  (opt)  <  A^Ny 

The  points  when  Af  ■  Af(opt)  “  A^Nj  are  indicated  by  vertical 


dashed  lines  on  fig.  4,5-5»  the  left  of  these  points, 


4.5.4  Design  Considerations 


Generally  when  designing  a  power  supply  the  load  voltage  will  be 
specified,  ^’urthermore,  the  inherent  source  regulation  will  usually 
be  determined  by  efficiency  or  life  considerations.  Under  these 
conditions,  only  certain  discrete  open  circuit  voltages  are  possible 
for  each  power  source  unit.  As  a  result  only  discrete  values  of 
switching  circuit  efficiency  are  achievable  in  any  given  application. 


The  relationship  between  power  source  unit  open  circuit  voltage  E©, 


and  efficiency is  given  by: 


(4.5-4) 


-  (1  ♦  B)  + 


+ 


(B  +  1) 

(fw 


0 


Fig.  4.5-6  and  4.5-7  show  equation  4.5-4  evaluated  for  various  values 
of  Vj^t  Tor  B  =  10056  and  B  =  40^6  respectively.  In  these  figures  a 
of  .2  and  a  J  of  I5  were  assumed. 


For  a  series  arrangement,  the  open  circuit  voltage  of  a  power  source 
unit  is  restricted  to  multiples  of  the  open  circuit  voltage  of  a 
single  cell.  The  open  circuit  voltage  of  a  single  cell  is,  in  turn, 
generally  restricted  in  some  manner  dependent  upon  the  type  of  source 
involved.  For  the  hydrcgen-ojgrgen  and  hydrogen-air  fuel  cells,  the 
equivalent  open  circuit  (intercept)  voltage  is  •95V  and  .9  volts 
respectively.  These  values  are  determined  by  the  chemical  processes 
involved.  For  a  single  thermionic  converter,  the  open  circuit 
voltage  is  a  function  of  cathode  temperature  but  the  cathode 
temperature  is  largely  dictated  by  efficiency  considerations  and 
heat  source  capabilities.  The  open  circuit  voltage  of  a  single 
thermoelectric  couple  is  similarly  detem.ined  by  the  temperature 
difference  between  the  hot  and  cold  junction  and,  in  practice, 
this  would  be  largely  determined  source,  sink,  and  material 
cons iderat ions • 


way  of  illustration,  the  single  cell  open  circuit  voltage  of  a 
hydrogen-air  fuel  cell  is  shown  on  figs.  4.5-6  and  4.5-7.  For  a 
6  volt  source  consisting  these  cells,  the  max.  switching  circuit  of 
efficiency  is  approximately  89. 25^  Tor  a  source  regulation  of  IOO56 
and  85.856  for  a  source  regulation  of  40^6.  The  typical  open 
circuit  voltage  of  a  lead  telluride  thermocouple  with  a  temperature 
differential  of  800°F  is  .2  volts,  giving  higher  max.  switching  circuit 
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efficiencies,  particularly  at  low  output  voltages.  The  intercept 
voltage  of  a  vapor  thermionic  converter  at  a  cathode  temperature 
of  1330°F  and  optimum  anode  and  cesium  reservoir  tenqperatures  is 
»55V,  midway  between  the  H,-air  fuel  cell  and  the  P^T  thermoelectric 
couple* 


The  internal,  resistance  of  each  power  source  unit  is  related  to  the 
open  circuit  voltage  Eq,  the  output  voltage  V^,  andthe  power  output 
Pq,  and  the  defined  source  regulation  B. 


(4.5-5) 


1 


1 

(B  + 


Figures  4.5.6  and  4.5-7  equation  4.5-5  can  be  used  in  conjunction 
with  the  weight  per  unit  power  vs  efficiency  curves  for  either 
estimating  the  efficiency  and  weight  of  a  sirltchlng  circuit  for  use 
with  a  specific  power  supply  or,  conversely,  estimating  the 
generator  requirements  in  order  for  the  circuit  to  exhibit  a 
particular  efficiency  and/or  power  per  unit  weight. 


Let  it  be  assumed  that  a  regulated  hydrogen-air  fuel 
cell  power  supply  is  required  which  has  a  rated  output  of  1  KW 
at  28  VDC.  Because  of  fuel  eell  life  and  effieieney  considerations, 
it  is  desirable  to  operate  the  eell  stack  at  an  inherent  regulation 
of  approximately  40)C  Then  from  the  28  volt  line  of  fig.  4.5-7» 
the  switching  circuit  effieieney  for  source  units  consisting  of 
1,  2,  or  3  cells  can  be  determined. 


Mo,  of  Cells  per  Unit 

1 

2 

3 


Open  Circuits 

Voltage,  ^  Switching  Circuit  Efficiency 

.9  volts  96.8i 

1.8  "  94.4^ 

2.7  "  91.958 


Using  the  effieieney  in  fig.  4.5-2,  the  weight  per  unit  power  (and 
weight)  of  the  switching  circuit  can  be  determined. 


Open  Circuit  Voltage.  E^ 
.9  volts 

1.8  " 

2.7  " 


Weight/Power 

2.5  Ibs/KW 
2.8  Ibs/KW 

3.5  Ibs/KW 


Weight 

2.5  lbs 

2.8  " 

3.5  " 


Using  the  values. 


the-  can  be  determined  from  equation  4.5-5. 


% 

.9  volts 

1.8  " 

2.7  " 

The  designer  could  then  use  the  switching  circuit  efficiency  and  weight 
data  in  conjunction  with  fuel  eell  weight  curves  to  determine  the  best 
combination  for  this  particular  application.  In  this  particular 


.0066  ohM 
.0122  " 
.0168  ■ 
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axafflple>  the  lowest  circuit  weight  occurs  at  the  highest 
efficiency.  Thus,  the  minimum  weight  power  supply  would  be 
achieved  by  using  one  cell  (Bq  =  .9  volts)  per  power  source 
unit. 


-  PP  . 


Figure  1,5-1 

/feight  Per  Unit  Power  Versus  Miniirum  Circuit  Effjcienc/ 
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Plgur*  4.5-a 

Weight  Per  Thilt  Power  Vereue  Mlnlntn  Clreult  Efficiency 
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Pigur«  4.5-3 

Weight  Per  Unit  Pover  Versus  Minlaui  Circuit  Effieienej 


91 


97.5 


98.5 


99 


99.5 


98 

Figure  4.5-4 

Weight  Per  Unit  Po\#er  Versus  Mininun  Circuit  Efficiency 
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65  70  75  60  85  90  95  100 


Figure  U.5-7 

Open  Circuit  Voltage  (Eq)  of  a  Fewer  Source  Unit 
Versus  Circuit  Efficiency  for  h0%  Source  Regulation 
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Rtvam* 

Itarlrg  the  past  reporting  period,  effort  has  been  applied  to  four 
Mijor  areas  of  Investigation.  A  suaaary  of  the  progress  Is 
Included  In  this  status  report.  This  portion  of  the  report  Is 
divided  Into  four  major  areas  of  investigation  as  followst 

1.  Study  of  the  "Flyback"  circuit  using  power  transistors* 

2*  Summary  of  SCR  Voltage  conversion  circuits* 

3*  Quantitative  evaluation  of  DC>AC  power  transistor  conversion 
circuits* 

4*  Evaluation  of  low  Input  voltage  conversion  circuits. 

Item  1  Includes  a  presentation  of  weight  vs  efflclwicy  for  the 
"Flyback*  step  up  circuit  (DC>DC)  using  power  transistors  as  the 
switching  element*  Curves  are  presented  for  the  follMdiig 
Design  Points  t 


Power  Output  > 

Dqmt  Voltage  Regulation 
_ (fwoeirt}  _ _ 

SSIL  -  Fbll  Load 


Input  Voltage 


Table  "A* 


Item  2  includes  a  general  summary  discussion  of  SCR  voltage  converter 
circuits*  Item  3  Includes  a  presentation  of  circuits  selected  and 
evaluated  for  DC-AC  Inverters  utilising  power  translators*  Curves 
of  weight  vs  efficiency  have  been  plotted  from  the  foUowliv 
Design  Points  I 


Power  Ou^ut  -  P 


250  W 


1  XW 


»  1 


Table  "B" 
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ItM  4  1«  A  pr«Mntatlon  of  olreults  ••loetod  and  avalaatod  for 
low  Input  roltagas*  Curroa  of  waight  ra,  efflolaney  for  both 
DC«OCt  and  OC-AC  tranalstor  clroulta  have  baan  plottad  for  tha 
folloi^g  Oaalgn  Points  i 


I  Powar  Output  • 

25  W 

250  W 

Input  Voltaga  Ragulatlon  -R 
(Par  cant) 

0  ho  100 

0  ho  100 

•  Full  Load 

Input  Voltaga 

111 

6  6  6 

111 

6  6  6 

Tabla  "C* 

In  all  eaaaa  tha  wai^t  information  praaantad  in  aaetlon  3,0  of 
thaaa  raporta  inoludaa  tha  aajor  alaetrloal  eoaponant  wal^t  onlj« 
In  ordar  to  obtain  tha  paekagad  waight,  tha  wallet  of  atmetural 
and  aountlng  hardwara  anat  ba  addad.  b  thla  eaaa  a  aunra  giving 
tha  ratio  of  paekagad  waight  to  aajor  alaetrloal  oo^ponant  waight 
haa  baan  aatabllahad  baaad  on  pravloua  hardwara  aqparianea. 
ownra  la  ahown  In  flgura  5*1<-1«  Tbua,  in  ordar  to  obtain  paokaga 
waight  in  angr  eaaa.  It  la  only  naoaaaary  to  nultiply  tha  najor 
oonponant  wal^it  by  tha  approprlata  factor  aa  obtalnad  ftom 
flgura  5«1.1« 

Anothar  Itan  of  Intaraat  la  tha  voluna  of  tha  ovarall  alaetrloal 
olreult  paokaga*  Flgura  5*5-2  ahowa  a  eunra  giving  a  paekagad 
voluna  factor  which  can  ba  uaad  to  oalculata  voluna  fron  tha 
aajor  eoaponant  wal^t  data* 


Converter  Output  Fo./er  riating  -  Kilowatts 


Showing  the  Relationship  Between  Packaged  Converter 


,2  .U  .6  .8  1.0 

r  Output  Power  Rating  -  Kilowatts  (Pg) 


5*2  DC-DC  Flyback  St»p.Up  Circuit  Investigation 

5»2«1  Introduction 

The  results  of  the  study  of  the  flyback  circuit  (figure  5*2-1) 
using  silicon  controlled  rectifiers  was  presented  in  progress 
report  no,  5  for  the  20  volt  input  10  KW  condition.  This  circuit 
was  considerably  lighter  and  more  efficient  than  the  other  DC-DC 
circuits  considered  for  this  operating  condition.  Consequently, 
it  was  decided  to  explore  the  use  of  a  flyback  circuit  employing 
power  transistors  at  lower  loads  and  other  voltages.  The  particular 
conditions  considered  are  indicated  in  Table  "A"  of  section  5*1* 

5*2,2  Results 

Tlie  results  of  the  power  transistor  flyback  circuit  investigation 
are  shown  in  figures  5*2-7  through  5*2-9*  In  each  case  the  weight 
per  unit  power  is  shown  for  various  source  voltages  and  source 
voltage  n^ations , 

5*2*3  Diseussion  of  Results 

Effect  of  Source  Voltage  and  Source  Regulation 

The  unique  characteristics  of  the  flyback  circuit  may  best  be 
determined  by  examination  of  figure  5,2-8,  First,  the  zero  percent 
source  regulation  curve  is  not  always  the  lightest  for  a  given 
source  voltage  condition.  For  example,  at  a  source  voltage  of 
20  volts,  the  40^  input  regulation  circuit  is  lighter  than  the 
zero  per  cent  case*  Also,  it  should  be  noted  that  at  a  source 
voltage  of  12  volts,  the  condition  of  40^  source  regulation 
results  in  a  heavier  circuit  than  do  either  the  zero  or  100)( 
regulation  condition.  These  results  are  best  understood  in  the 
light  of  the  following  considerations* 

One  criterion  for  optimum  employment  of  this  circuit  is  that  the 
difference  between  the  source  voltage  and  load  voltage  under  no 
load  conditions  should  be  as  small  as  possible.  This  helps 
minimise  inductor  size.  This  is  the  reason  for  the  low  weight 
conditions  at  40^  regulation  for  20  volts  and  100^  regulation  at 
12  volts, 

A  second  characteristic  of  the  circuit  is  that  the  inductance  of 
the  reactor  is  proportional  to  the  square  of  the  no  load  source 
voltage.  Thus,  at  each  source  voltage  the  inductance  would  be 
smallest  for  zero  per  cent  regulation.  This  characteristic  tends 
to  favor  minimum  weight  at  zero  per  cent  regulation, 

A  t>iird  criterion  for  optimum  employswnt  cf  this  circuit  generally 
is  that  the  full  load  current  should  be  smal]  to  result  in  a 
minimum  |l^L*  As  the  voltage  is  reduced  from  20  to  12  to  6  volts 
the  full  load  current  increases.  Hence,  the  weight  tends  to  be  greatest 
for  the  higher  current  and  lower  voltage  conditions. 
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Th«  6  tolt  fasdJy  of  curves  shows  the  100)S  regulation  curve  to  be 
heavier  than  the  40^  regulation  curve »  irtilch  Is  the  opposite  of 
what  occurs  with  the  12  volt  source*  The  reason  for  this  Is  that  the 
difference  between  no-load  source  voltage  and  load  voltage  Is  not  as 
severely  affected  by  source  rstulatlon  at  6  volts  as  It  Is  at  12  volts. 

The  best  perforaance  Is  obtained  with  sources  having  no-load  voltages 
of  about  28  volts*  For  exa^)le»  a  20  volt  source  should  have  about 
40^  regulation  for  best  perfomance  while  a  14  volt  source  should 
have  ateut  100)(  regulation  for  best  perfomance* 

of  Power 

The  Inherent  nature  of  conventional  electrical  apparatus  such  as 
transfomers  and  reactors  Is  that  the  per  unit  weight  decreases 
and  the  efficiency  Increases  for  Increasing  power  levels*  The 
results  presMited  In  figures  5*2-7»  5»Z~8,  and  5*2-9  substantiate 
this  fact*  Fbr  ezanple*  the  reactor  power  handling  capability  Is 
related  to  the  product  of  total  flux  and  window  current*  The 
iron  ez  oss-seetlon  as  well  as  the  core  window  area  varies  as  the 
square  of  a  linear  dlesnslon.  Therefore«  the  product  of  flux 
and  window  currmt  varies  as  the  4th  power  of  a  linear  dinenslon* 
However*  wel^t  and  losses  go  up  as  the  power  of  a  linear 
dlnsnslon* 

IfftglMBy 

The  slope  of  the  curves  In  figures  5*2-7  through  5*2-9  la  relatively 
shallow*  This  Indicates  the  eaarim  efficiency  Unit  has  not  been 
reaohed*  A  large  portion  of  the  total  losses  oceur  In  the  reactor* 
Hence*  a  further  trade-off  of  reactor  wel^t  for  capacitor  weight 
appears  to  be  possible  fron  the  stand^lnt  of  reducing  total  losses* 
Also*  the  use  of  wore  Iron  and  copper  In  the  reactor  could  Improve 
efficiency  at  a  still  profitable  rate* 
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Figure  5.2-6  TRC  REGULATION  WITH  BEDFORD 
STEP-UP  CIRCUIT  IN  DC  SECTION 
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5.3 


Silicon  Controlled  Rectifier  Conversion  Circuits 


5.3.1  Sunaary  of  the  DC-DC  Voltage  Converter  Circuit  Study 

The  Bedford  Step-up  Circuit  shown  in  figure  5.2-1  was  studied  for 
10  KW  rating,  and  the  results  were  reported  in  figure  8  of 
Progress  Report  No.  5.  These  results  are  not  in  line  with  the 
1000,  250,  and  25  watt  results  in  figures  5.2-7  through  5.2-9  of 
this  report.  The  10  KW  circuit  employed  SCR  switching  elements  while 
the  1000,  250  and  25  watt  circuits  used  power  transistors.  More 
power  is  lost  in  the  forward  drop  of  the  SCR's  which  in  turn 
necessitates  heavier  heat  sinks.  Also,  alumalytic  capacitors  were 
assumed  for  the  SCR  circuit  while  light  weight  tantalytic  capacitors 
were  considered  with  the  power  transistor  circuits. 

The  center  tap  transformer  converter  circuit  of  figure  5.2-3  was 
previously  studied  and  the  results  reported  in  figure  5-9  of 
Progress  Report  No.  5.  This  circuit  handles  commutating  energy  in 
an  efficient  operation,  and  it  appears  to  be  best  employed  to  step 
dotm  power  with  SCR*s.  Although  the  Morgan  Step-Down  circuit 
of  figure  5*2-2  does  not  lend  itself  to  efficient  SCR  switching, 
it  is  possible  that  a  power  transistor  switching  element  might  make 
this  circuit  lighter  and  more  efficient  than  the  center  tap 
transformer  circuit  for  the  case  of  voltage  step  down  applications. 
Unfortunately,  the  allowable  effort  did  not  permit  evaluation  of 
the  transistorized  Morgan  Step-Down  circuit. 

5.3.2  Summary  of  the  DC-AC  {yj)  Voltage  Converter  Study 

Table  5.3*1  shows  typical  performance  characteristics  of  the  phase- 
shift  regulated  inverter  circuit  of  figure  5*2-4  for  a  source  having 
40^  regulation.  Table  5*3-2  shows  similar  data  for  the  TRC  regulated 
inverter  circuit  of  figure  5*2-5*  Regulation  by  phase-shift 
(figure  5*2-4)  appears  best  at  higher  voltages  because  the  current 
is  least  and  the  forward  watts  in  the  SCR's  is  minimized.  The  TRC 
regulated  inverter  of  figure  5*2-5  appears  best  at  low  voltage 
because  the  high  source  current  passes  through  only  one  SCR  which 
results  in  a  minimum  of  forward  watts  loss.  The  single  transformer 
used  in  the  circuit  of  figure  5*2-5  Is  lighter  and  more  efficient 
than  the  two  3-phase  transformers  of  figure  5*2-4  despite  the  fact 
both  primary  and  secondary  windings  are  one  way.  Normally,  a 
square  wave  transformer  is  heavier  than  a  sine  wave  transformer. 
However,  this  effect  is  more  than  offset  hy  splitting  power  six  ways 
in  the  two  3-phase  transformers.  Essentially,  one  circuit  requires 
six  transformers  and  the  other  only  one. 

Figure  5*2-6  is  a  new  circuit  not  yet  evaluated  quantitatively.  On 
the  basis  of  our  previous  work,  it  appears  to  hold  great  promise  for 
medium  and  high  voltage  sources.  It  incorporates  the  Bedford  Step-Up 
circuit  in  the  regulating  stage,  and  it  has  no  need  for  a  heavy 
transformer. 

The  circuits  in  figures  5*2-5  and  5*2-6  have  a  neutral  which  is 
created  ty  virtue  of  the  wye  point  of  the  output  filter  capacitors. 
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Figure  displays  a  conTentlonal  neutral  from  the  output 

transformer.  The  circuits  of  figures  5«2<-3  through  provide 

electrical  Isolation  between  load  and  source  while  those  of 
figures  5»2-2t  and  5,2~6  do  not. 

Table  5*3-'3  summarises  the  SCR  circuits  which  our  calculations  have 
shown  generally  to  yield  least  weight  and  hlif^est  efficiency. 

The  circuit  shown  In  Figure  $,2-6  Is  included  on  the  basis  of  a 
qualitative  evaluation  only. 
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TARIJC  S.Vl  PKRfORMAMCg  CHARACTERISnCS  OF  SCR  PHiSI  SHIFT  RKULATOR  OF  FIGURE  5.2 J» 
(FOR  »0f30DHCB  RKOUKON  TAKKN  FHOM  FIQURIS  S.12.  5-13  and  5-14  IN  P.R.  MO.  5  ) 


SOORCl  VOLTAGE  ■  20  V  40  V  100  V 


Load 

#/kw 

ieffi 

iZiSE 

i  off. 

#/kw 

10  kv 

50 

77 

30 

85.4 

25 

92,2 

1  kv 

- 

- 

45 

82.5 

40 

89.5 

250  watts 

• 

55 

79 

0m 

• 

TAHIJ  PBgoniAMCE  CHARACTERISTICS  OF  SCR  THC  RKDUTOR  OF  FIGURE  5.2-5  (TOR 

WylWa  MigjLHgtiliffFtbM  tbdka  a6.^ind  i-i?  fai  p.k.  T 

100  Y 


SODKE  VOLTAGE 


20  V 


40  y- 


Load 

l£C£* 

iDsi 

i  aff> 

iZkg 

LsICa 

10  kv 

50 

81 

30 

85.4 

25 

90 

1  kv 

a» 

- 

45 

82 

40 

86.3 

250  vatta 

•» 

55 

78-7 

• 

• 

TABLE  5*3-3  SCR  CIRCUITS  TIELDIEC  LEAST  MDOBT  AM) 
_ HIGHEST  IPFICIPCY _ 


w  t»  a  voiu  re 

£4£2aii 

StOp»^R 

ricaro  5*2-1 

Stop-Down 

Figaro  5.2-3 

BC  t«  W  us  VOltt  « 

20  V  Soareo 

Figaro  5.2-5 

40  V  Soaroo 

Figaro  5*2-4, 

100  V  Soareo 

Figaro  5*2J>^i 

5.2-5,  5.2-6 


5.2-6 
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Powr  Tranalstor  DC«AC  Inverter  Cli’cuita 
5»^*1  Introduction 

A  selection  and  evaluation  of  DC-DC  transistor  circuits  was 
presented  In  Progress  Report  No.  5*  The  results  of  a  continuation 
of  that  effort  as  applied  to  DC-AC  transistor  circuits  Is  presented 
herein.  The  requlreaents  for  the  AC  power  system  have  been 
specified  In  Progress  Report  No.  4.  June  30*  196l»  Section  5*1« 

The  basic  output  power  requirements  are  listed  belowi 

Frequency  -  400  cps  ±  lj(  steady  state 

Ou^ut  Voltage  -  115  volts.  10  for  power  ou'4>uts  S’  1  Ktf 

Voltage  tolerance  •  ^  10  of  steady  state  value 

Power  factor  -  75  P«P» 

Harmonic  Content  -  Total  harmonic  content! 

Not  greater  than  50  of  the  fundamental 
(rms)  with  no  Individual  harmonic 
exceeding  40  of  the  fundamental  over 
rated  load  with  .5  p*f*  (Lagging) 

Circuits  have  been  selected  for  discrete  design  parameters  as  listed 
in  Table  B,  section  5.1,  of  this  report.  The  most  promising 
circuit  techniques  have  been  select^  and  evaluated  on  the  basis 
of  the  following  assu^>tions  and  limitations! 

1.  Output  power  requirements  will  at  least  meet  the  slnlsmm 
requirements  as  stated  above* 

2.  Inverter  will  be  capable  of  delivering  a  250  overload 
current  -  however,  all  specifications  of  frequency 
stability,  voltage  tolerance  and  harmonic  content  do  not 
apply  at  the  overload  conditions. 

3*  All  oaloulatlons  are  based  on  room  temperature  (20*25°C) 
operation  with  no  forced  air,  liquid  or  other  means  of 
cooling  considered* 

4*  Standard  coHerolally  available  co^pousmts  have  been 
assumed  throughout* 

5*  Souree  Input  voltage  refers  to  input  voltage  at  rated 
full  load* 

6.  Transistor  and  other  semiconductor  weights  include  the 
wel^ts  of  appropriate  heat  sinks. 

7.  The  maximum  allowable  ripple  at  the  source  shall  not 
exceed  *  50  of  average  state  Input  voltage* 

8*  Calculations  of  efficiency  are  based  on  circuit  losses  at 
rated  load  only* 
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5.4.2  DC»AC  Transistor  Circuits 


Figure  5*4-1  represents  a  well  known  circuit  configuration  which 
has  been  used  %rlth  considerable  success.  The  circuit  is  sometimes 
referred  to  as  a  half-wave  push-pull  converter.  For  relatively 
low  power  outputs  and  low  input  voltages  the  simplicity  of  the 
circuit  warrants  its  selection  as  the  approach  to  be  used  for 
OC-AC  inversion.  At  any  given  instant  of  time*  the  only  circuit 
components  in  series  with  the  power  current  is  one-half  of  the 
priory  of  transformer  and  a  switching  transistor.  To  minimize 
size  of  the  filter  required  at  full  load,  transistor  and  Q2 
conduct  for  intervals  of  120°.  At  this  conduction  angle ,  there 
is  no  third  harmonic  voltage  present  in  the  output  of  transformer  T]^. 
Voltage  regulation  is  achieved  by  varying  the  conduction  angle. 

Since  the  harmonic  content  of  the  output  voltage  is  a  function  of 
the  conduction  angle,  the  output  waveshape  distortion  increases 
somewhat  at  light  loads. 

The  sine  wave  filtering  employed  in  figure  5*4-1  consists  of  a 
resonant  inductance  and  capacitance  %imed  for  the  fundamental 
frequency  of  400  cps.  The  tuned  LC  is  in  turn  shunted  by  capacitor 
C2*  This  technique  of  filtering  has  the  advantage  of  minimizing 
current  drawn  at  light  loads.  Another  advantage  is  the  flexibility 
available  to  the  circuit  designer.  The  relationship  between 
Im t  C. ,  C2,  can  be  varied  over  a  wide  range  in  order  to  achieve  the 
optlmuB  wei^t  of  the  overall  filter. 

For  inverters  rated  at  25  watts  at  an  ii^ut  voltage  of  20  volts,  input 
voltage  regulation  of  0)(,  40^  and  100^,  the  approach  shown  in 
figure  5*4-1  is  Justified.  The  feedback  diodes  shown  will  enable  the 
circuit  to  operate  with  inductive  loading.  T\;ie  use  of  multistage 
filtering  and  more  rigorous  techniques  of  maintaining  voltage  control 
are  not  Justified  at  the  low  power  level  because  the  added  circuit 
complexity  will  result  in  increased  circuit  weight.  The  circuit  was 
also  evaluated  at  a  40  volt  input,  0%  regulation.  The  definition 
of  0%  regulation  (as  stated  in  P.R.#5,  September  1961)  does  not 
l^ly  a  zero  iim>edanee  source,  but  rather  implies  a  source  capable 
of  delivering  a  constant  volt^e  over  its  rated  load. 

Circuit  g  -  Figure  5.4-2 

A  power  system  with  a  power  output  rating  of  250  watts  with  a  DC 
input  voltage  that  varies  2  to  1  is  sufficiently  complex  to  Justify 
utilising  circuit  techniques  that  heretofore  would  not  have  decreased 
the  system  weight  per  unit  efficiency.  The  proposed  circuit 
configuration  utilises  two  independent  push-pull  inverters  with  the 
secondaries  of  the  output  transformers  connected  in  series.  Voltage 
control  is  achieved  by  phase  shifting  section  B  (figure  5.4-2)  with 
respect  to  Section  A.  To  minimise  or  eliminate  the  third  harmonic 
present  in  the  out  voltage,  both  unit  A  and  unit  B  operate  with  a 
conduction  angle  of  120°.  Since  the  output  voltages  of  and  T2  are 
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added  simultaneously  and  the  individual  voltages  do  not  contain 
any  third  harmonic »  the  resultant  output  voltage  will  also  be  free 
from  any  third  harmonic  component.  The  basic  difference  between 
circuit  D  and  circuit  E  is  in  the  method  of  controlling  the 
output  voltage* 

One  of  the  factors  considered  in  the  selection  of  circuit  E  is 
that  two  transformers  are  required  whereas  only  one  is  used  in 
circuit  D.  Although  the  sum  of  the  power  ratings  for  the  two 
transformers  of  circuit  E  is  the  same  as  required  for  the  single 
transformer  of  circuit  D,  the  total  weight  per  unit  power  is  greater 
and  the  efficiency  less  due  to  the  lower  performance  capabilities 
of  smaller  transformers.  In  low  power  ratings,  the  weight  pre¬ 
dominance  of  the  transformer  favors  circuit  D  whereas  in  larger  power 
ratings,  other  factors  such  as  component  ratings  and  filter  size 
become  significant  and  thus  tend  to  favor  circuit  E*. 

Circuit  G  -  Figure  S.4-4 

The  task  of  simultaneously  controlling  output  voltage  and  maintaining 
the  harmonic  content  to  less  than  3^  while  the  DC  input  voltage  is 
varying  to  100)(  is  somewhat  difficult.  One  idea  which  has  been 
advanced  by  the  General  Engineering  Laboratory  utilizes  a  circuit 
arrangement  which  is  similar  to  the  phase  controlled  configuration 
shown  in  Circuit  E.  Again,  the  basic  circuit  consists  of  two  groups 
of  a  push-pull  type  configuration  with  the  secondaries  of  the  output 
transformers  connected  in  series.  The  method  of  voltage  control 
however,  is  somewhat  different.  As  sho%m  in  figure  complimentary 

transistors  1  and  3  vid  2  and  4  each  have  multiple  conduction  periods 
during  any  one-half  cycle  of  a  400  cps  tisie  base.  The  control  circuit 
must  be  so  arranged  that  coaqpllswntary  pairs  of  transistors  hams  equal 
conduction  times  during  the  positive  and  negative  half-cycle  time 
interval.  Voltage  control  is  achieved  by  varying  the  length  of  the 
conduction  pulses.  In  order  to  minimize  the  harmonic  content  the 
conduction  tine  of  the  pulses  must  maintain  symmetry  about  an  axis 
at  90°  and  270°  of  a  400  cps  sine  wave. 

The  prlsniry  advantage  of  this  circuit  is  a  reduction  of  harmonics 
over  the  rated  load  range  of  the  inverter.  The  primary  disadvantage 
is  the  added  complexity  of  the  control  circuit.  The  added  control 
coiiq>lexlty  however,  can  be  Justified  at  higher  power  levels  as  well 
as  with  the  severe  input  voltage  regulation. 

Circuit  H  -  Figure  5.4-5 

Circuit  H  in  figure  3*^3  represents  a  configuration  which  was 
selected  for  unconventional  sources  having  a  higher  output  voltage. 

The  operation  of  the  circuit  is  identical  to  circuit  G.  The  only 
major  difference  is  the  bridge  configuration  allows  the  output 
transfozmiers  to  be  utilized  most  effectively  from  the  standpoint  of 
weight  and  efficiency* 
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5.4-3  Circuit  Evaluation 


Reaults 


Die  results  of  the  OC-AC  circuit  evaluation  are  shown  in  figures  5*4-6 
through  5.4-9.  It  must  be  enphaslzed  that  the  weights  as  shown 
represent  the  major  component  weight  only.  Curves  have  been  plotted 
and  presented  elsewhere  in  the  report  to  determine  total  packaged 
equipment  weight. 

The  curves  in  general,  follow  the  same  patterns  that  developed 
previously  In  the  evaluation  of  DC-AC  circuits  using  Silicon 
Controlled  Rectifiers.  The  change  In  weight  for  the  same 
efficiency  Is  greatest  between  0%  and  40^  regulation.  The  curves 
also  show  decreased  weight  as  the  Input  voltage  Increases. 

In  flgtire  5.4-7  there  Is  a  slight  ambiguity  In  the  results  for 
lOOjt  regulation  and  40f(  regulation.  The  circuit  selected  for  100^ 
regulation  consists  of  phase  controlled  inverter  sections  to 
achieve  voltage  regulation.  The  results  generally  Indicate  this 
circuit  Is  lighter  in  weight  than  for  the  circuit  selected  for  40^ 
Input  regulation.  Since  circuit  E  can  be  used  for  40^  regulation 
also.  It  would  be  the  better  of  the  two  circuits  from  a  weight 
standpoint. 
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SINGLE  PHASE  TRANSISTOR  INVERTER  DC-AC 


CIRCUIT  D 


EVALUATED  FOR: 


Full  Load 


Output  Power 

25  W 

250  W 

Source  Voltage 

07. 

407. 

1007. 

07. 

407. 

Regulation 

Full  Load 

20 

20 

20 

20 

20 

Input 

Voltage 

40 

40 

NOTE:  Output  Power  at  .5  P.F.  (lag) 

400  cps,  115  V 
single  phase 

than  5%  total  harmonics 


FIGURE  5.U-1 
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EVALUATED  FOR: 


Full  Load 

Output  Power  at  .5  I 

Output  Power 

250  W 

400  cpa,  115 
Single  Phase 
than  5%  total 

Source  Voltage 

harmonics 

Regulation 

1007. 

Full  Load 

Input  Voltage 

20  V 

FIGURE  5,li-2 
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DC  Input 


SINGLE  PHASE  TRANSISTOl  INVERTER  DC-AC 


CIRCUIT  F 


Z 

load 


Full  Load  Output 

EVALUATED  FOR: 

1  KM 

(Xitput  Power  at  .5  P.F.  Lag 

Source  Voltage 

0  7. 

400  cps,  115  V 
single  phase 
than  5%  total 

Regulation 

harmonics 

Full  Load  Input 

12  V,  40  V 

Voltage 

FIGURE  5.U-3 
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DC  Input 


SINGLE  PHASE  TRANSISTOR  INVERTER  DC-AC 


CIRCUIT  G 


EVALUATED  FOR:  1 

Full  Load  Output  Power:  1  KW 
Source  Voltage  Regulation:  40%^  &  100% 
Full  Load  Input  Voltage  12  v 


FIGURE  5.U-U 
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DC  Input 


SINGLE  PHASE  TRANSISTGR  INVERTER  DC-AC 
CIRCUIT  H 


EVALUATED  F(»: 

Full  Load  Output  Power:  1  KH 

Source  Voltage  Regulation;  40%  &  100% 
Full  Load  Input  Voltage:  40  v 

FIGURE 
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Conrerter  lifelght 
(Major  C exponents  Only) 


Comrert«r  Vtelght 
^ Major  ComponentB  Only) 


U09C 
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5?.^  Evaluation  of  Low  Input  Voltage  Conversion  Circuits 

This  portion  of  the  power  transistor  circuitry  is  a  continuation 
of  the  investigation  concerned  with  input  voltages  of  1  and  6  volts 
as  reported  in  Progress  Report  No,  5,  The  basic  circuits  and  con¬ 
cepts  have  been  discussed  in  previous  reports.  The  circuit  con¬ 
figurations  used  in  evaluating  the  circuits  are  presented  here 
along  with  the  curves  of  calculated  weight  and  efficiency. 

Figures  J.^-l  and  5.^-2  show  the  DC-DC  converter  circuits. 

Figures  5,5-3  and  5.5-U  show  the  DC-AC  converter  circuits. 

Results 


The  weight  per  unit  pcwer  curves  for  the  DC-DC  voltage  convertors 
are  shown  in  Figures  5,5-5  thru  5*5-8  for  full  load  source  voltages 
of  1,0  and  6,0  volts  and  full  load  powers  of  25  and  250  watts.  Of 
course*  as  anticipated*  these  low  voltage  circuits  are  heavy  and 
relatively  inefficient.  Also*  it  should  be  noted  lhat  the  circuit 
is  considerably  simpler  and  lighter  if  it  does  have  to  provide  a 
regulation  function. 

The  weight  per  unit  power  curves  for  the  DC-AC  inverters  are  shown 
in  Figures  5.5-9  thru  5.5-12.  In  Figure  5.5-9  the  characteristics 
of  both  the  step-wave  inverter  and  the  pulse  inverter  are  shown  for 
the  25  watt*  6  volt  input  case.  It  is  evident  that  the  step-wave 
inverter  is  considerably  more  efficient;  thug  only  its  weight 
characteristics  were  calculated  at  the  other  load  and  voltage 
conditions. 

As  in  the  ease  of  the  DC-DC  voltage  converters*  these  low  li^t 
voltage  DC^AC  inverters  are  heavy  and  relatively  inefficient. 

Thus*  it  is  evident  that  these  very  low  input  voltages  should 
bi  avoided  idiere  possible. 
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3coitclt 


125 


Source  Regulation 


Figure  $.5-2  Low  Source  Voltage  DC  -  DC  Converter  For  40  and  100  Percent 

Source  Regulation 


power 

Transformer  |ter 


Sc^uare  Wave 
Osci  llo-tor 


Ryi/a9X  - 


12» 


Full  Load  Input  Voltage  ■  1.0  Volt  Full  Load  Power  ■  2$  watts 


Full  Load  Input  Foltago  ■  6*0  Volta  Full  Load  Pewor  *  2$  Ifctta 


-  in  - 


Pull  Loud  Voltofo  ■  6*0  Tolto  Full  Loud  Power  *  2$0  littts 


200  - 


Full  Loud  Input  Voltufru  •  6*0  Volt*  Full  Loud  Parer  ■  25  Wkttu 


Pull  Loftd  Input  Voltage  •  1«0  Volt  Full  Ix>ad  Power  *  Watts 


155  - 


Full  Load  Input  Voltage  -  6.0  Volts  Full  Load  Power  -  250  fcfetts 


200 


Full  Load  Input  Voltaga  ■  1*0  Volta  Full  Load  Powor  ■  250  Vfeitta 


6.0  Technical  Progress  -  Systems  Task 

6.1  Re some* 

During  the  past  report  period  the  planned  ^stem  effort  was 
completed.  Optimum  combinations  of  source  voltage  control  and  ex¬ 
ternal  voltage  regulation  were  determined  for  selected  circuits  and 
state  of  the  art  ccxnponents.  Overall  system  weight  characteristics 
for  systems  incorporating  voltage  conversion  and  regulation  were 
also  established.  In  addition  a  laboratory  model  system  was  built 
and  tested. 

Section  6.2  presents  the  rasults  of  the  effort  in  determining 
the  optimum  combinations  of  source  voltage  control  and  external 
voltage  regulation.  It  was  determined  that  the  optimum  combination 
Involves  incorporating  all  of  the  voltage  regulation  either  in  the 
source  or  else  in  the  external  voltage  converter.  The  particular 
optimum  approach  varies  with  power  level  and  source  vdLtage  level. 

Section  6.3  shows  overall  system  weight  charactezdstics  for 
both  28  V.  DC  and  115  V. «  400  cps  AC  outputs.  The  results  indicate 
that  for  the  case  of  a  DC  output,  the  minimum  weight  system  is  one 
incorporating  a  switching  circuit  to  control  load  voltage  by  varying 
the  number  of  power  source  units  in  series  as  load  is  varied.  Tliis, 
however,  necessitates  a  minimum  source  voltage  of  28  volts.  The  next 
lowest  weight  approach  is  the  use  of  a  flyback  circuit  in  which  case 
the  maximum  source  voltage  under  any  load  condition  must  not  exceed 
28  volts.  Except  for  these  itMis,  the  source  voltage  should  be  main¬ 
tained  as  large  as  possible  in  order  to  minimize  system  weight. 

The  results  of  the  laboratory  model  system  testing  are  presented 
in  Section  6.4.  The  laboratory  eystem  consisted  of  a  fuel  cell  power 
source  and  DC-DC  voltage  converter  of  a  5D  watt  capacity.  The  perfor¬ 
mance  of  the  system  closely  agreed  to  that  predicted  for  it. 
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6.2  OptlMUii  Source  Voltage  Control  and  External  Voltage  Gonvertar  nations 

6.2.1  Introdttotion 


Foregoing  seotions  of  this  and  previous  reports  have  presented 
the  characteristics  of  both  source  voltage  control  methods  and  external 
voltage  converter- regulators.  Since  the  optimum  system  may  incorporate 
a  combination  of  source  voltage  control  and  external  voltage  regulation, 
the  individual  characteristics  must  be  combined  in  order  to  establish 
the  optiBun  system.  In  this  section,  the  optimum  weight  versus  effi- 
oiency  characteristics  of  various  combinations  are  determined.  In 
addition,  the  characteristics  of  these  combinations  are  compared  with 
those  where  all  voltage  regulation  is  achieved  in  the  external  con¬ 
verter  circuitry. 

In  Section  4.0  of  this  and  previous  progress  reports,  various 
methods  of  source  voltage  control  were  presented  and  discussed.  Of 
all  of  these  methods,  the  only  one  which  appears  to  be  universally 
i4>plloahlo  is  that  of  varying  the  number  of  power  source  units  in 
series  or  parallel  in  order  to  achieve  the  desired  output  /oltage  as 
load  is  varied.  This  approach  has  been  presented  in  detail  in  Section 
4.5  of  the  various  progress  reports.  In  addition  it  became  evident 
early  in  the  study  that  the  optimum  combination  of  source  voltage 
regulation  and  external  voltage  regulation  would  involve  providing 
all  of  the  voltage  regulation  function  either  at  the  source  or  else 
in  the  external  voltage  converter.  This  results  from  the  fact  that 
incorporating  any  significant  amount  of  the  voltage  regulation  function 
in  the  external  voltage  converter  increases  circuit  complexity  and 
weight  considerably.  However,  thei%  is  only  a  small  additional  weight 
and  effioieney  penalty  to  the  external  voltage  converter  for  a  100^ 
input  voltage  regulation  versus,  for  example,  a  ZOii  input  voltage  re¬ 
gulation.  This  is  particularly  true  in  the  lower  power  applications. 

The  only  type  of  source  voltage  control  considered  in  this 
section  is  the  technique  of  vaiying  the  number  of  power  source  units 
in  series  as  presented  in  Section  4.5  of  this  and  previous  progress 
reports.  As  described  in  that  section,  this  switching  approach  also 
incorporates  a  series  regulatii^  feature  which  allows  sero  output 
voltage  regulation  at  the  expense  of  a  small  loss  in  efficiency. 

This  type  of  source  voltage  control  was  only  one  considered  in  this 
section  since  it  is  the  only  technique  which  is  universally  appli¬ 
cable  and  has  the  capability  of  zero  output  voltage  regulation. 

Weight  versus  efficiency  data  used  for  this  series  switching  method 
of  source  voltage  control  is  that  presented  in  Section  4.5  of  this 
and  Progress  Report  No.  5* 
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The  technique  for  combining  the  source  series  svdtching  circuit 
data  with  the  external  voltage  converter  data  was  explained  in  Section 
6,2  of  Progress  Report  No.  5*  As  indicated  there,  the  approach  is  one 
of  achieving  maximum  efficiency  and  minimum  weight  by  using  the  optimum 
combination  of  series  switching  circuit  efficiency  and  external  voltage 
converter  efficiency. 

6.2.2  Results 


The  weight  per  unit  power  versus  efficiency  characteristics  for 
various  combinations  of  series  switching  and  external  voltage  converter 
circuits  is  shown  by  Figures  6.2-1  through  6.2-26.  Figures  6.2-1 
through  6.2-14  show  these  data  for  the  cases  where  a  DC  output  of  28 
volts  is  required.  Figures  6.2-15  through  6.2-26  presents  the  inform¬ 
ation  for  the  cases  where  a  400  cps  AC  output  is  required.  Each  figure 
shows  the  weight  per  unit  power  for  a  particular  output  power  and  full 
load  source  voltage  condition.  The  solid  line  curves  are  for  the  case 
of  a  100^  inherent  source  regulation  while  the  dashed  line  curves  are 
for  40j(  inherent  source  regulation.  In  those  cases  where  the  curves 
apply  to  a  combination  of  a  series  switching  circuit  and  an  external 
voltage  converter,  points  of  various  external  voltage  converter  effi¬ 
ciencies  are  indicated.  Of  course,  the  corresponding  series  switching 
circuit  efficiency  can  be  obtained  by  dividing  the  net  efficiency  by 
the  external  voltage  converter  efficiency  at  the  particular  point  of 
interest.  Knowing  the  individual  efficiencies  at  any  point  permits 
determination  of  the  individual  weight  and  volume  characteristics 
from  the  original  data  given  in  Sections  4.5  and  5*0  if  this  should 
be  desired.  In  particular,  this  is  a  necessary  procedure  if  total 
volume  information  is  need^  since  system  volume  data  is  not  presented. 

Bach  curve  is  labeled  as  to  the  circuit  of  combination  used  Iqr 
means  of  appropriate  abbreviations.  The  definition  of  these  abbrev¬ 
iations  along  with  figure  number  of  the  circuit  is  given  by  Table  6.2-1. 
The  location  of  primary  weight  data  is  also  given  in  Table  6.2-1. 

The  weight  information  given  by  Figures  6.2-1  through  6.2-26  is 
in  terms  of  total  weight  per  unit  power  and  thus  includes  the  package 
weight  factor  indicated  in  Figure  5*l*’l  Tor  the  external  voltage 
converters. 

In  the  case  of  each  figure,  the  optimum  approach  is  that  which 
gives  the  lowest  weight  for  any  given  efficiency.  In  some  cases 
this  optimum  approach  is  a  combination  of  series  switching  at  the 
source  with  an  external  voltage  converter.  In  other  cases  the  optimum 
is  the  incorporation  of  all  of  the  voltage  regulation  in  the  external 
voltage  converter. 
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The  optimum  combinations  for  various  load,  input  voltage,  and  power 
conditions  are  Indicated  in  Table  6.2-2. 


The  results  of  this  section  are  used  in  the  Section  6.3  to 
follow.  The  limitations  and  significance  of  these  results  are  also 
discussed  in  detail  in  that  section. 
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TABU  6.2-1.  LIST  OF  CIRCUIT; 


Circuit 

% 

Circuit 

Abbreviation 

Description 

DC-DC,  Low  Voltage 
Transistor  Circuit, 
Oi  Rog. 


DC-OC,  Low  Voltage 
Transistor  Clroult, 
t*Oi  A  100)(  Reg. 


BFB(T}  DC>DC,  Translstorli 
Flybaok  Circuit 


BFB(S)  OC-DC,  SCR  Flyback 

Clrouit 

CKT  A  DC-OC,  Modified 

Push  Pull  DC 
Transforaer  Circuit 
(Transistor) 


Ircult  Diagram  In 


Pig- 


5.5-1 


5-5-2 

5-2-1 

5-2-1 

5-18 


Weight  Vs.  Efficiency 
Data  Given  In 


5-5-5 

5-5-6 

5-5-7 

5-5-8 

5-5-5 

5-5-6 

5-5-7 

5-5-8 

5-2-7 

5-2-8 

5-2-9 


CtT  B  I  DC-DC,  Morgan  Step-Up  5. 
Circuit  (Transistor) 


CR  C  DC-DC,  Modified  Morgan  5 

Step-Down  Circuit 
(Transistor) 

TRC(DC)  DC-DC,  TIm  Ratio  6 

Contr^  SCR  Clrouit 


5-2-3 


DC-AC,  3^,  Phase  Control 
SCR  Circuit  I  6 


5-2-5 
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TABUt  6.2-1.  (Cont'd) 


illliiiil 

Vfsight  Vs.  Efficiency 
_ Dsta  Given  In _ 

Circuit 

Abbreviatior 

Circuit 

1  .  Description 

Progress 

Report 

ng. 

Progress 

Report 

Fig. 

TRC(AC) 

DG-AC,  30,  SCR  InvsrUr 
With  TRC  Regulator 

6 

5.2-4 

5 

5-15 

5-16 

5-17 

3UI 

OC-AC,  10,  Low  Voltage 
Transistor  Step  Wave 
Inverter 

6 

5.4-3 

6 

5.5- 9 

5.5- 10 

5.5- 11 

5.5- 12 

PWI 

DC-AC,  10,  Lov  Voltage 
Transistor  Pulse  Wave 
Inverter 

6 

5.4-4 

6 

5.5-9 

CKT  D 

DC-AC,  10,  Pulse  Width 
Nodulated  Transistor 
Inverter 

6 

5.4-1 

6 

5.4- 6 

5.4- 7 

err  E 

DC-AC,  10.  Phase 
Contrdled  Transistor 
Inverter 

6 

5.4-2 

6 

5.4-7 

err  r 

DC-AC,  10,  Transistoriw 
Inverter  for  00 
Regulation 

6 

5.4-3 

6 

5.4- 8 

5.4- 9 

err  G 

TC-AC,  10,  Tm>  Section 
Pulse  ltt.dth  Nodulated 
Transistor  Inverter 

6 

5.4-4 

1  6 

9 

5.4-8 

CKT  H 

DC-AC,  10,  Transistor 
Bridge  Tyi^  Inverter 

6 

5.4-5 

6 

5.4-9 

sc 

Series  Switching  Circuit 
(Transistor)  for  Source 

5 

U.5-1 

5 

thru 

U.5-12 

Voltage  Contz^ 

• 

6 

U«5-l  ttam 
U.5-4» 

1 _ _ 
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TABLE  6.2-2 


OPTIMUM  SOURCE  VOLTAGE  CONTROL  AND 


EXTERNAL  VOLTAGE  CONVERTER  COMBINATIONS 


Output 

Rated 

Load 

(Watts) 

Full  Load 
Source  Voltage 

Inherent 

Source 

Regulation 

Minimum  Weight  i^stem 

28  V.  DC 

25 

6 

40,100 

SC  +  LV  1 

If 

25 

12 

40 

SC  +  cm,  c%  <  82^) 

It 

25 

12 

40 

BFB(T),  (%  5  820) 

ft 

25 

12 

100 

SC  +  CKT  AT  OJU  <  7^i) 

ft 

25 

12 

100 

BFB(T),  OL  740) 

It 

25 

20 

SC  +  3FB(Tr 

•t 

25 

40 

40,100 

SC  +  CKTA.  OZ  790) 

M 

25 

40 

40,100 

CKT  C,  (4t  >  790) 

H 

250 

6 

40,100 

SC  +  BFB(T) 

It 

250 

12 

BFB(T) 

ft 

250 

40 

40 

CKT  B 

M 

250 

40 

100 

CKT  C 

ft 

1000 

12 

40,100 

BFB(T) 

H 

1000 

20 

40 

3FB(T) 

ft 

1000 

20 

100 

SC  +  BFB(T) 

ft 

1000 

40 

40,100 

SC  CKTA 

ft 

ICOO 

100 

40,100 

SC  TRC(DC) 

It 

10,000 

20 

40 

BFB(S) 

It 

10,000 

20 

100 

TRC(DC) 

It 

10,000 

40 

40,  00 

TRC(DC) 

It 

10,000 

100 

40,100 

TRC(DC) 

AC,  10 

25 

6 

40,100 

SWI 

ft 

25 

20 

40,100 

CKT  D 

ft 

25 

40 

40,100 

CKT  D 

ft 

250 

6 

40,100 

SWI 

ft 

256 

20 

40 

SC  CKTD,  01^  ><820) 

ft 

250 

20 

40 

CKT  E,  >  820) 

ft 

250 

20 

100 

SC  +  CKT  D,  850 

It 

250 

20 

100 

CKT  D,  (77«  >  ^50) 

It 

250 

40 

40,100 

SC  CKT  D 

It 

1000 

12 

40,100 

SC  +  CKT  F 

It 

1 

1000 

40 

40,100 

CKT  H 

AC,  (30) 

1000 

100 

40,100 

PC 

It 

10,000 

20 

40,100 

TRC(AC) 

n 

10,000 

40 

40,100 

PC  <  060) 

It 

10,000 

40 

40,100 

TRC  (30),  i?L  >  860) 

ft 

10,000 

100 

-  -  .  — 

40,100 

i 

1 

PC 

lb  Aw 


Figure  6,2-1 

Total  Weight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for 
Various  External  Voltage  Converter-Regulators  and  Source  Voltage  Control 

Combinations 

Output  ■  25  Matts,  28  VDC  £5^^  ■  6  Volts 
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Total  Vfelght  Per  Ifelt  of  Output  Power  Versus  Net  Efficiency  for  Various  External 
Voltage  Conrerter-Regulators  and  Source  Voltage  Control  Combinations 

“  12  Volts 


Output  ■  25  watts,  28  VDC 
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Total  UBight  Per  Iftdt  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter^Regulators  and  Source  Voltage  Control  Ccmbinations 
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Figuro  6«2^ 

Total  Ualght  Far  Unit  of  (tatput  Poirar  Faraw  Rat  Bfflelanej  for  Variooa 
Extamal  Toltaga  Coiarartar^agulatora  and  Sourea  Voltaga  Control  Comblnatlona 
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Figure  6.2-7 

Total  Nbight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Sourca  Voltage  Control  Combinations 
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Figure  6,2-8 


*^otal  Vfeight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Combinations 


W,/Pg  -  Lb/KW 


Total  weight  per  unit  of  output  power  versus  net  efficiency  for  various  external 
voltage  converter-regulators  and  source  voltage  control  combinations. 
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Total  might  per  unit  of  output  power  eersue  net  efflelenoy  for  rarious 
external  voltage  converter-regulators  and  source  voltage  control 
conbinatlons. 
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Figure  6.2-11 

Total  Weight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  VariouvS 
External  Voltage  Converter4tegulators  and  Source  Voltage  Control  Combinationf; 


Wc/Pc  -  ibAv; 
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Total  weight  per  unit  of  output  power  versus  net  efficiency 
for  various  external  voltage  converter-regulators  and 
source  voltage  control  combinations* 


-  - 


.  tb/W 


Figure  6.2«»14 

Total  wel^t  per  unit  of  output  power  versus  net  efficiency  for  various 
external  voltage  converter-regulators  and  source  voltage  control  combinations. 
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Figure  6.2-15 

Total  Vfelght  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Combinations 
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Figure  6«2>X6 

Total  UOlg^t  Par  Iftiit  of  Output  Pover  Versus  Net  Efficiency  for  Various 
External  Voltage  Conrerter-Aegulators  and  Source  Voltage  Control  Combinations 
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Figure  6.2-17 

Total  Wfeight  Per  Iftiit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Combinations 
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Figure  6,2-18 

Total  Hblght  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Combinations 
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Figure  6.2-19 

Total  Vfelght  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Combinations 
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Figure  6.2-20 

Total  Weight  Per  Unit  of  Output  Power  Versus  Met  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Canbinations 
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Figure  6«2*S(|[ 

Total  Vbight  Per  Ihiit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Comrerter-Rogulators  and  Source  Voltage  Control  Coni)lnatlon8 
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Figure  6,2-23 

Total  Vfeight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Combinations 
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Figure  6.2-21 

Total  Vfeight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  fcr  Various 
External  Voltage  Converter-Regulators  and  fource  Voltage  Control  Combinations 
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Figure  6.2-25 

Total  Ifelght  Per  Unit  of  Output  Power  Versus  Net  Efficlene7  for  Various 
External  Voltage  Comrerter-Regulators  and  Source  Voltage  Control  Combinations 
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Figure  6»2-26 

Total  Vbight  Per  Unit  of  Output  Power  Versus  Net  Efficiency  for  Various 
External  Voltage  Converter-Regulators  and  Source  Voltage  Control  Ctmbinations 
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6.3 

6.3.1 


OptimuM  Overall  Systems 
Introduction 


In  Section  6.2  the  optimum  combinations  of  source  voltage 
control  and  external  voltage  regulation  were  determined  for 
selected  power «  source  voltage  and  source  voltage  regulation  condi¬ 
tions.  Curves  giving  total  weight  per  unit  power  versus  overall 
efficiency  for  each  of  the  combinations  were  also  presented.  In 
this  section  these  characteristics  are  combined  with  power  source 
characteristics  in  order  to  determine  the  weight  per  unit  power 
characteristics  of  overall  systems  (fuel,  power  source,  voltage 
converter  and  regulator)  which  utilize  the  optimum  voltage  regu¬ 
lation  combinations  arrived  at  in  Section  6.2.  In  this  case  the 
criteria  for  optimization  was  that  of  achieving  the  minimum  over¬ 
all  system  weight  consistent  with  other  performance  requirements 
such  as  output  voltage  regulation,  load  range,  ripple  content, 
etc.  Although  minimum  weight  is  not  always  an  important  criteria, 
it  is  the  more  usual  requirement  in  military  applications,  thus 
it  was  selected.  Of  course,  minimum  weight  will  also  tend  to 
yield  minimum  volume. 

The  following  analysis  shows  how  the  minimum  weight  system 
was  obtained.  The  results  are  presented  in  such  a  manner  as  to 
show  the  weight  penalty  to  the  power  source  of  incorporating 
voltage  regulation  and  conversion  in  the  system.  In  addition, 
the  effects  of  source  voltage  level,  output  power  level,  and 
inherent  soui'ce  voltage  regulation  are  demonstrated.  The  rmaults 
given  apply  to  all  types  of  power  sources.  It  is  only  necessary 
to  know  the  weight  per  unit  of  output  power  of  the  source  and  fuel 
supply.  This  value,  of  course,  is  dependent  upon  the  type  of 
source  and  amount  of  fuel  required  for  the  particular  mission. 

For  long  missions  fuel  weight  is  predominant;  whereas,  for  short 
missions,  the  energy  converter  and  voltage  converter  weight  are 
significant. 

6.3.2  Analysis 

This  analysis  will  derive  the  equations  for  total  ^stem 
weight  and  the  criteria  for  minimum  weight.  The  total  system 
weight  is; 

(6.3-1) 
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vhare: 

W,p  ■  Total  system  weight 

Wg  B  Source  weight  Including  accessories  and  fuel 
required  for  a  given  mission. 

=  Weight  of  the  voltage  regulation  and  conversion 
function. 


By  means  of  some  manipulation  equation  6.3-1  can  be  written  ast 


(6.3-2) 


where: 

*  Rated  output  power 

P3  =  Power  out  of  the  source  to  the  voltage  converter 
and  regulator  at  rated  output  conditions. 


V 


However, 


where: 


P 

c 


% 


100 


Net  efficiency  of  the  voltage  converter- 
regulation  function  in  percent. 


Thus,  equation  6.3-2  can  be  written  in  terms  of  weight  per 
unit  power  and  efficiency  as  follows: 


(6.3-3) 


Of  course. 


W 


(6.3-4) 


) 


as  given  by  the  figures  of  Section  6.2.  Choosing  a  high 
value  of  net  voltage  converter  efficiency  (7^^  )  will 
result  in  large  voltage  converter  weight  per  unit  power 
(Wq/Pq)  and  also  oroduee  a  large  total  system  weight  per 
unit  power  (V.^/?  ).  Low  values  of  net  voltage  converter 
efficiency  also  result  in  a  large  total  system  weight  per 
unit  of  output  power  since  the  power  source  must  ba  large 
to  supply  the  large  power  loss  of  the  voltage  converter- 
regulator. 
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Thus,  it  is  evident  Uiat  there  must  be  some  optimum  value  of 
converter  efficiencyf ^  J  which  produces  minimum  total  system 
weight.  This  value  can  be  found  by  letting: 


Differentiating  equation  6.3-3  in  this  manner  yields: 


Equation  6.3-5  gives  the  condition  which  must  be  satisfied  if 
minimum  total  system  weight  is  to  be  achieved.  In  performing 
the  differentiation  indicated  previously,  it  was  assumed  that 
the  source  weight  per  unit  power  is  not  a  function  of  the  volt¬ 
age  converter  efficiency 

Equation  6.3-3  nay  also  be  written  as  follows: 

(6.3-6) 


In  this  case  the  quantity  on  the  left  side  of  the  equation  is  the 
ratio  of  total  system  weight  per  unit  of  output  power  to  source 
weight  per  unit  power.  For  an  ideal  voltage  converter  and  regu¬ 
lator  which  had  100^  efficiency  and  zero  weight,  this  ratio  would 
be  one.  Thus,  this  ratio  will  always  be  greater  than  one  and 
indicates  the  penalty  in  system  weight  produced  by  the  addition 
of  a  voltage  conversion  and  regulation  function. 
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It  Is  this  ratio  that  is  calculated  and  shown  in  the  result  curves. 

In  order  to  make  the  resultant  overall  system  data  generally 
useful y  several  values  of  source  weight  per  unit  power  (W3/P,) 
between  the  values  of  50  and  1,000  pounds  per  kilowatt  were  selected 
and  the  corresponding  values  of  total  system  weight  determined. 

The  voltage  converter  and  regulator  data  was  obtained  from  the 
curves  given  in  Section  6.2.  In  the  ease  of  each  point  only  the 
minimum  weight  voltage  conversion  and  regulation  system  was  chosen. 
The  minimum  system  weight  was  established  by  applying  the  criteria 
of  Equation  6.3>5*  Thus,  for  example,  for  a  source  weight  per  unit 
power  (Wg/Ps)  of  100,  the  voltage  converter  and  regulator  effici¬ 
ency  was  chosen  such  that 


The  corresponding  efficiency  voltage  regiilator  and  converter 

weight  per  unit  power  (Wg/Pc),  and  source  weight  per  unit  power 
(Wg/Ps)  were  then  used  in  Equation  6.3-6  to  obtain  the  ^stem 
characteristics . 

6.3.3  Results 


The  ratio  of  total  system  weight  per  unit  of  outout  power  to 
the  source  weight  per  unit  of  power  is  shown  in  Figures 

6.3- 1  through  6.3-20  as  function  of  full  load  source  voltage  (Eepx.), 
full  load  power  (P^),  inherent  source  voltage  regulation  (B)  ana 
source  weight  per  unit  power,  (Wg/Pg).  Figures  6.3-1  through 

6. 3- 10  display  the  information  for  the  28  volt  DC  output;  whereas. 
Figures  6.3-11  through  6.3-20  present  it  for  the  400  cps  AC  output. 

In  most  applications  the  inherent  source  voltage  regulation 
(B)  and  the  source  weight  per  unit  of  source  power  vW^/Pg)  are 
determined  application  considerations.  Once  these  character¬ 
istics  are  determined,  the  additional  ^stem  weight  penalty 
produced  by  the  voltage  conversion  and  regulation  function  can 
be  readily  determined  from  one  of  Figures  6.3-1  through  6.3-20. 
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Example 


The  possible  use  of  the  data  presented  in  this  section  Is  best  Illustrated 
by  a  simple  example.  Let  It  be  assumed  that  follovrlng  are  the  requirements 
of  a  given  apolication. 

Output  Power  (P<j)  “  25O  watts 

Output  Voltage  =  28  VDC 

Additional  requirements  In  terms  of  mission  length,  duty  cycle,  etc.  would 
be  specified.  The  power  source  Including  fuel  supply  could  be  Initially 
sized  and  optimized  to  yield  minimum  weight.  Let  It  be  assumed  that  this 
optimization  led  to  the  following  values. 

Inherent  Source  Regulation  (B)  =  40^1 

Source  Weight  Per  Unit  of  Source  Power  (W^/Pj)  ■  2$0  Ibs/KW 

Selected  full  load  source  voltage  °  12  volts 

Then  from  Figure  6.3-5i  the  ratio  of  total  system  weight  per  unit  of 
output  power  to  the  source  weight  per  unit  of  output  power  1st 

Vf. 


thus 


V^c  -  1.33  X  250  ■  332  Ibs/KW 


Figure  6.3-5  Indicates  that  the  optimum  system  Is  one  which  uses  the  flyback 
circuit.  The  weight  per  unit  power  versus  efficiency  for  a  flyback  circuit 
with  this  power  and  voltage  level  Is  given  by  Figure  6.2-6>  Also,  substi*^ 
tutlng  the  previously  obtained  numbers  Into  Equation  6.3-6  gives  the  addi<* 
tional  relationship  between  efficiency  and  weight  per  unit  power  for  the 
flyback  circuit  ast 


(6.3-7) 


1.33 


100 


The  only  combination  of  efficiency  and  W^/Pq  which  satisfies  both  Equation 
6.3-7  and  Figure  6.2-6  Is: 

-  91. 55^ 

Wc/Pc  -  60.  Ibs/KW 


These  numbers  define  the  operating  point  of  flyback  circuit  for 
minimum  overall  system  weight.  In  addition,  of  course,  the  actual 
output  power  of  the  power  source  is: 


P  =  273»  watts 
s 

Thus,  the  power  source  and  fuel  supply  would  have  to  be  sized  to 
deliver  273  watts, 

t 

If  the  actual  value  of  output  power  significantly  changed  the 
optimum  source  design  point  from  a  value  of  B  *  and  Wg/P  =  250 

Ibs/KW,  initially  determined,  it  would  be  necessaiy  to  repeat  the 
above  steps  using  the  newly  determined  values.  However,  it  is 
unlikely  that  such  a  recalculation  would  normally  be  required. 

It  will  be  noted  that  the  effect  of  adding  a  voltage  converter 
and  regulator  is  one  of  increasing  the  total  system  weight  331^  over 
the  system  weight  which  would  be  required  if  the  voltage  converter 
were  not  needed.  This  increase  in  system  weight  is  the  result  of 
two  factors.  First,  the  voltage  converter  weight  increases  the 
system  weight.  Secondly,  a  larger  source  and  more  fuel  is  required 
to  supply  the  power  lost  in  the  voltgge  converter  due  to  the  fact 
that  it  is  not  100^  efficient. 

6.3.4  Discussion  of  Results  and  Conclusions 


DC  Output 

Examination  of  the  system  curves  for  a  28  volt  D-C  output  (Figures 
6.3-1  through  6.3-10)  leads  to  some  significant  conclusions.  First, 
it  should  be  noted  that  if  possible  the  full  load  source  voltage 
(Bsfl)  should  be  selected  at  28  volts.  This  permits  output  voltage 
control  by  use  of  the  switching  circuit  alone  and  results  in  an 
overall  system  which  is  considerably  lighter  than  ar^y  other  choice. 

The  second  best  choice  of  full  load  source  voltage  is  20  volts  for 
an  inherent  source  voltage  regulation  of  40)6  and  14  volts  for  an 
inherent  voltage  regulation  of  lOOjl.  These  conditions  permit  use 
of  a  minimum  weight  flyback  circuit.  In  either  case  the  source 
voltage  indicated  is  the  upper  limit  which  can  be  used  with  the 
straight  flyback  circuit.  This  is  due  to  the  fact  that  the  flyback 
circuit  can  only  step  up  voltage,  thus  the  open  circuit  voltage  of 
source  must  never  exceed  28  volts  at  any  load  condition  when  using 
the  flyback  circuit. 
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Except  for  the  above  mentioned  Items t  the  weight  penalty  tends 
to  decrease  rapidly  as  the  source  voltage  increases.  This,  of  course, 
demonstrates  quantitatively  the  advantage  of  keeping  the  source  volt¬ 
age  as  high  as  practical.  In  particular,  eveiy  attempt  should  be 
made  to  stay  above  a  full  load  source  voltage  of  10  volts. 

It  will  also  be  noted  that  the  curves  for  a  particular  power 
level  extend  over  only  a  finite  source  voltage  range.  Thus,  in  the 
case  of  25  watts  the  voltage  range  is  1  to  40  volts  while  for  10  KW 
the  range  is  20  to  100  volts.  As  discussed  in  previous  progress 
reports  these  voltage  ranges  were  selected  as  being  reasonable  for 
fuel  cell,  thermoelectric,  and  thermionic  power  sources  for  the 
particular  power  conditions. 

With  the  exception  of  the  10  KW  case,  the  curves  indicate  that 
the  weight  penalty  of  the  voltage  conversion  and  regulation  function 
decreases  as  the  power  output  increases.  Except  for  the  switching 
circuit  point  at  28  volts,  the  10  KW  curve  is  based  on  voltage  con¬ 
verter  circuits  employing  silicon  controlled  rectifiers  (SCR)  while 
all  other  power  conditions  employ  circuits  containing  power  transistors. 
If  power  transistor  circuits  had  been  employed  for  the  10  KW  condition 
it  is  highly  probable  that  the  10  KW  curve  would  be  below  l.C  KW  curve. 
Preliminary  judgement  indicated  that  SCR  circuits  might  be  optimum'  for 
power  levels  above  1.0  KW,  thus  power  transistor  circuits  were  not 
evaluated  at  the  10  KW  level.  The  results  of  this  study,  however, 
indicate  that  power  transistor  circuits  may  still  be  the  better 
choice  at  the  10  KW  level.  This  fact  is  illustrated  by  tJ»  curves 
of  figures  6.3-21  and  6.3-22.  These  curves  compare  the  efficiency 
and  weight  characteristics  of  similar  type  SCR  and  power  transistor 
circuits.  The  efficiency  and  weight  points  plotted  on  these  curves 
are  those  which  yield  a  minimum  weight  system  when  the  source  weight 
per  unit  of  source  power  is  1000  Ibs/KW.  Figure  6.3-22  shows  the 
efficiency  and  weight  as  function  of  output  power  level  for  a  full 
load  source  voltage  of  40  volts.  Figure  6.3-21  shows  efficiency  and 
weight  as  a  function  of  full  load  source  voltage  for  an  output  power 
level  of  1.0  KW.  It  will  be  noted  that  in  both  cases  the  transistor 
circuits  are  approximately  10^  more  efficient  and  considerably  lighter 
than  the  SCR  circuits.  I^is  then  leads  to  the  conclusion  that  tran¬ 
sistor  circuits  are  the  better  ones  for  the  load  range  of  10  watts 
to  10  KW  and  the  source  voltage  range  of  1.0  to  100  volts  being  con¬ 
sidered  by  this  study.  Unfortunately,  the  practical  consideration 
of  voltage  rating  may  limit  the  use  of  transistors  to  a  maximum 
reasonable  voltage  of  $0  to  80  volts  whereas  the  voltage  capability 
of  SCR*s  is  now  several  hundred  volts.  In  addition,  the  maximum 
current  capability  of  present  transistors  is  considerably  less  than 
that  of  SCR*s.  This  fact  tends  to  favor  SCR’s  for  use  in  large  power 
applications. 
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Nevertheless,  it  still  can  be  concluded  that  power  transistor  circuits 
are  the  best  approach  for  the  general  load  and  voltage  range  of  this 
study.  Thus,  it  is  evident  that  the  SCR  data  presented  in  the  system 
cuirves  of  6.3-1  through  6.3-20  do  not  yield  the  minimum  weight  system. 

It  is  believed  that  the  transistor  circuitry  data  does  represent 
the  best  available  within  the  state  of  the  art  and  the  performance 
requirements  specified.  More  efficient,  lighter  weight  systems  are 
possible  providing  the  performance  requirements  are  relaxed.  In 
particular,  for  example,  limiting  the  load  variation  to  something 
considerably  less  than  full  load  to  no  load  could  result  in  a  con¬ 
siderable  system  weight  reduction. 

AC  ftitput 


The  AC  output  systems  do  not  exhibit  any  particular  preferred 
source  voltages  as  did  the  DC  systems.  This  is  due  to  the  fact  that 
an  inversion  function  is  always  required  to  obtain  a  AC  output  whereas 
in  the  case  of  DC  output  only  a  voltage  regulation  is  required  under 
certain  conditions.  In  all  other  aspects,  however,  the  comments 
pertaining  to  the  DC  outout  systems  also  apply  to  the  AC  output  systems. 

It  will  be  noted  that  in  the  case  of  the  25  watt  power  level,  the 
system  weight  is  higher  at  a  source  voltage  of  20  volts  than  at  a 
voltage  of  6  volts.  This  is  the  result  of  a  choice  of  two  different 
types  of  circuits  in  evaluating  these  conditions.  The  six  volt  condi¬ 
tion  assumes  a  stepped  wave  inverter;  whereas,  a  square  wave  type  of 
inverter  was  considered  at  the  20  volt  point.  It  is  highly  probable 
that  if  a  stepped  wave  inverter  had  been  consider^  at  the  20  volt 
point,  the  resultant  system  would  have  been  lighter  than  that  shown 
and  would  have  fallen  on  a  continuation  of  the  curve  through  the  6 
volt  point. 
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Figure  6,3-1 1  Overall  Sjetoi  Height  Characteristics 
Output  •  28  VDC  •  50  Ibs/kW  B  ■  UO^ 
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Circuits  conform  to 


Figure  6,3-^ s  Overall  System  Vfeight  Characteristics 
Output  -  28  VDC  ^  -  2^0  IbsAW  B  •  hOf 
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Figure  6«3-7t  Orerall  System  Vfelght  Chancterlstles 

It 

Output  -  28  VDC  p-  •  500  IbsAW  B  -  UOJf 


Clrctilts  confom  to  areas  shown 
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Figure  6.3>9t  Oeerall  ^taa  Weight  Chareeterietlee 
Output  *  28  VDC  JJa  «  1,000  Ibe/lW  B  =  40)1 
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*  Vol^s 

Figure  6.3-11:  Overall  Sjrstem  Wei^t  Characteristics 
Output  ■  UOO  CPS,  AC  ^  •  50  Ibs/Kw  B  ■  UO^ 
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Flgtire  6*3-12:  Orerall  Sjstam  >felght  Characteristics 
Output  •  UOO  CPS,  AC  •  50  lbs  Aw  B  «  100^ 


Flpire  6»3»13i  Overall  Syetaa  Vfelght  Characteristics 
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Output  •  UOO  CPS,  AC  ^  -  100  IbsAv  B  -  UO!f 


Circuits  conforiB  to  areas  shown 
except  where  Indicated  individually 


191 


Figure  6. 3-1^ I  Overall  ^sten  Weight  Characteristics 
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Figure  6.3-17 1  Ofersll  Sjsteo  Weight  Charscteristics 
Oatput  •  UOO  CI6,  AC  i  ■  $00  Ibs/kY  B  •  UO^ 
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-21:  Comparison  of  Efficiency  and  Weight  of  Similar  Transistor 
and  Silicon  Controlled  Rectifier  Circuits  as  a  Function  of 
Sou-ce  Voltage  for  a  Power  Level  of  1  KW  Based  on  a  Minimum 
Vfeight  System  ’.Vhere  Vfe/Pp  »  1000  lbs  AW 
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Transistor  Circuits 


SCR  Circuits 


SCR  Circuits 
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Figure  6,3-22: 


Comparison  of  Efficiency  and  Weight  of  Similar 
Transistor  and  Silicon  Controlled  Rectifier 
Circuits  as  a  Function  of  Power  Leyel  for  a 
Source  Voltage  of  hO  Volts,  R  ■  1005C,  Based  on 
a  Minimum  Weight  System  'Vhere  lufe/Ps  ■  1000  Ibs/kw 


6.4  Laboratory  System 

6.4.1  Introduction 

During  the  past  report  period  a  laboratory  model  system  consisting 
of  fuel  cell  power  source  and  a  DC-DC  voltage  converter  was  completed 
and  tested.  The  purpose  of  this  laboratory  model  system  was  to  demon¬ 
strate  the  optimum  principles  of  voltage  conversion  and  regulation  as 
arrived  at  in  this  study. 

The  laboratory  model  system  is  described  in  detail  in  the  following 
paragraphs  and  its  performance  characteristics  as  determined  ly  test  are 
presented. 

6.4.2  System  Description 

A  photograph  of  the  laboratory  model  system  is  shown  in  Figure 
6.4-1.  The  power  source  is  a  16  cell  hydrogen-air  ion  exchange  membrane 
fuel  cell.  It  has  a  rated  output  power  of  60  watts  at  an  output  voltage 
of  12  volts.  Its  no  load  voltage  is  approximately  16  volts  giving  it 
an  inherent  voltage  regulation  of  about  33^« 

The  DC-DC  voltage  converter  and  regulator  uses  a  modified  Morgan 
circuit.  The  complete  circuit  diagram  is  shown  in  Figure  6.4-2.  In 
this  ease  the  power  portion  of  the  circuit  is  shown  by  the  heavy  lines. 
The  voltage  converter  has  a  rated  output  of  50  watts  at  28  volts  DC 
and  is  designed  to  operate  with  an  input  voltage  of  10  to  20  volts. 

The  circuit  operates  at  a  fixed  frequency  of  800  cps  and  achieves 
output  voltage  control  by  varying  the  "on*  time  during  ar^  given  cycle. 

t 

The  results  of  the  study  as  indicated  in  previous  sections 
indicate  that  the  modified  Morgan  circuit  is  not  the  optimum  circuit* 
but  rather  the  flyback  circuit  is  lighter  and  more  efficient.  Unfor¬ 
tunately*  selection  of  the  laboratory  model  circuit  had  to  be  made 
before  the  study  was  complete.  At  the  time  of  the  selection*  the 
modified  Morgan  circuit  appeared  to  be  the  best.  It  was  not  until 
later  in  the  study  that  the  flyback  circuit  was  uncovered.  However* 
oven  though  the  modified  Morgan  circuit  is  not  optimum*  it  still 
demonstrates  the  capability  of  achieving  the  perfoiownce  results 
predicted  during  the  analytical  study.  Thus*  it  helps  to  establish 
the  validity  of  the  assumptions  made  during  the  study. 
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6.U»3  System  PTformance  Rasults 

Power  Source  Charecterletlce 


The  fuel  cell  characteristics  are  shown  in  Figure  Both 

the  Tolt-ampere  and  source  output  power  curves  are  presented. 

Voltage  Regulation  Characteristics 

Figure  shows  the  fuel  cell  output  voltage  and  the  roltage 

converter  output  voltage  as  a  function  of  system  output  power*  It 
will  be  noted  that  the  voltage  converter  output  voltage  is  well  within 
the  voltage  limits  of  28  ^  1  volts  for  an  output  power  range  of  2  watts 
to  56  watts.  In  the  same'range  the  fuel  cell  output  voltage  varied 
between  15,5  and  11.0  volts*  Ihese  curves  demonstrate  the  very 
adequate  Job  of  voltage  regulation  and  conversion  achieved  by  the 
laboratory  model  system* 

Kfficiency 

Figure  6,h~5  shows  the  voltage  converter  efficiency  as  a  function 
of  output  power*  The  effideney  hits  a  peak  of  approximately  82*5^  at 
35  watts  and  has  an  efficiency  above  80]^  for  the  output  power  range  of 
17  to  52  watts*  The  effideney  achieved  is  close  lo  the  predicted  value 
of  B3%  for  this  circuit*  These  results  help  substantiate  the  validity 
of  design  assumptions  used  throu^out  the  study. 

Figure  6*U*^  shows  the  overall  thermal  efficieicy  of  the  fUel 
cell  plus  voltage  converter  as  a  function  of  the  cu<.pit  power  of  the 
system*  This  dhows  that  the  overall  thermal  ufflc.  cy  is  well  above 
UOf  throughout  most  of  the  power  range. 

Transient  Response 

Figure  6*U>7  and  6*U<^  show  the  transient  response  characteristics 
of  a  fbel  cell  voltage  and  current,  and  converter  output  voltage  for  a 
step  application  and  rsmoval  of  load  between  6  watts  and  50  watts*  It 
will  be  noted  that  the  voltage  converter  output  voltage  rmaaine  essen¬ 
tially  constant  on  the  basis  of  the  time  scale  of  these  traces* 

However,  the  transient  response  of  the  fuel  cell  voltage  and  current 
is  slow  taking  approorlmately  50  seconds  to  settle  out  at  a  new  conditlan* 

Figure  6.U-9  shows  the  actiial  output  voltage  transient  response 
on  expanded  time  scale  for  step  load  application  and  removal*  It  will 
be  noted  that  the  output  voltage  transient  settles  out  in  approximately 
*06  seconds. 
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Voltage  Ripple 


Figure  6.4-10  shows  the  converter  output  voltage  ripple  for  a 
50  watt  output  load.  The  magnitude  of  this  ripple  is  approximately 
0.2  volt.  It  is  nearly  sinusoidal  with  a  fundamental  frequencsy  of 
approximately  800  ops. 

Figure  6.4-11  shows  the  voltage  and  current  ripple  at  the  fuel 
cell  output  for  a  5^  i^att  output  system  load.  This  ripple  is  a  dis¬ 
torted  square  wave  with  a  voltage  ripple  being  of  a  magnitude  of 
approximately  0.12  volt  and  the  current  ripple  being  of  a  magnitude 
of  approximately  0.8  amps.  Again,  the  frequency  is  approximately 
800  cps.  The  ratio  of  the  voltage  ripple  magnitude  to  the  current 
]*ipple  magnitude  is  an  indication  of  the  A-C  output  impedance  of 
the  fuel  cell  at  800  cps.  This  checks  closely  to  what  is  predicted 
for  the  AC  impedance  of  this  fuel  cell  stack  based  on  the  fuel  coll 
dynamic  impedance  information  presented  in  Progress  Report  No.  4 
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Figure  6.U-9 


Voltage  Converter  Output  Voltage  Transient 
Response  for  Step  Application  and 
Removal  of  Load  between  6.0  and  ?0  Watts 


(a)  Load  Application 


,01  seconds 


(b)  Load  Removal 
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Figure  6,U-10 


Voltage  Converter  Output  Voltage 
Ripple  at  a  Watt  Output  Load 


0.1  volt 


-  28  VDC 


.2  millisecond 


Figure  6,U-11 

Voltage  Converter  Input  Voltage 
and  Input  Current  at  a  SC  Watt  Output  Load 


■Voltage  Ripple 
(,2U  volts/division) 


Current  Ripple 
(1.2  amps/divlslon) 


.2  millisecond 
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